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INTRODUCTION 
Statement of the Problem 
The use of mechanical ventilation for environmental 
control in livestock housing is accepted practice in present 
day confinement production systems. Recent advances in the 
effective use of controlled environment production facilities 
utilizing mechanical ventilation have demonstrated the signi­
ficance of this approach to animal production. More 
efficient gains can be expected to the degree that animals 
are protected from severe conditions of temperature and 
humidity. In addition, confinement systems have freed valu­
able land for cropping and reduced the labor involved in 
animal production. The wide acceptance by farmers of 
mechanical ventilation as an essential part of environmental 
control for livestock is indicated by the estimated percentage 
of new and remodeled buildings incorporating this control 
factor as given by the Midwest Plan Service Committee and 
presented by Jedele (32). Average estimates from nine North 
Central states of percentage of confinement swine buildings 
using fan ventilation range from 75 to 81 percent for farrow­
ing, nursery, and finishing buildings 
Although generally successful as an overall production 
method, confinement of animals in the artificially controlled 
environments of enclosed structures has introduced new 
problems. Conspicuous among these problems, and conceivably a 
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limiting factor in the future development of this means of 
production, is the problem of adequate distribution of ventila­
tion air. Air distribution is the most difficult problem now 
confronting the designer of a ventilating system for animal 
housing. Adequate air movement must be insured at all loca­
tions in the ventilated space to prevent dead air pockets and 
to maintain essentially uniform temperature and humidity 
conditions throughout the structure. 
The principal tool available to the designer for achiev­
ing the required air distribution is the inlet air stream. 
Supply air streams from inlets must control air motion 
produced within the structure if adequate distribution is to 
be maintained. Because of the importance of the inlet air 
stream characteristics in relation to the distribution problem, 
this investigation was initiated to more precisely define 
these characteristics for the conditions prevailing in animal 
shelter ventilation. The present study was directed more 
specifically towards determining the feasibility and validity 
of using scale models of a basic slotted inlet and the theory 
of similitude for predicting the inlet air flow character­
istics. If inlet models could be used effectively, then 
future investigations could be extended to more complex inlet 
shapes and flow conditions on a model basis, thus facilitating 
the prediction of inlet requirements for satisfactory air 
distribution in ventilated buildings. 
The importance of correct utilization of inlets for the 
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maintenance of adequate air distribution is better understood 
after a consideration of the requirements of a ventilation 
system. In practice, much ventilation design is based solely 
on the quantity of air required to furnish sufficient contamin­
ant capacity to remove heat or moisture produced in the 
structure. This design, based simply on the rate of contamin­
ant release, assumes adequate mixing and diffusion within the 
environment. Information is available concerning the 
relationship of living animals to their physical environment 
in regard to heat and moisture production. Theoretical 
relationships of heat and mass transfer also facilitate the 
analysis of the animal environmental systems. But again, 
these relationships are based on the provision that uniform 
mixing and distribution of ventilation air is obtained. 
Commonly existing problems of carbon dioxide, odor, and dust 
concentration in livestock production facilities emphasize 
that present knowledge of procedures for providing adequate 
air mixing and air distribution is lacking. 
In general, ventilation rates for animal production units 
are of a low magnitude. As a result of the low air flow 
rates, the general air movement produced mechanically in an 
animal unit is not of sufficient magnitude to adequately con­
trol air currents arising within the structure. As an 
example, Heitman, et al. (28) obtained the highest rate of 
gain in one study of the influence of environment on swine 
while utilizing 15 to 30 feet per minute air velocity around 
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the animals. Since ordinary thermal currents attain veloci­
ties of this magnitude or greater, the general movement of 
ventilation air through the structure is easily retarded. 
Contaminants such as vapor, gases, odors, and dust dispersed 
into the enclosure from sources within the building tend to 
collect at localized areas and produce zones of high and 
possibly harmful concentrations. Measurable quantities of 
carbon dioxide, hydrogen sulfide, methane, and ammonia have 
been found in swine confinement housing during investigations 
of contaminant production (20). Animal tolerance levels for 
both gases and odors are largely undetermined. But the 
increased interest in animal production in enclosed buildings 
gives cause for greater concern about the purity of the air 
inside these buildings. 
An effective mechanical ventilation system for livestock 
must permit close control of the air flow by means of tight 
building construction with controlled openings for the 
entrance and discharge of air. In an exhaust system, ventila­
tion is accomplished by the creation of a low pressure in the 
structure causing fresh air to enter existing openings. The 
resulting distribution of air is dependent upon the location, 
number, and cioss-sectional area of the openings. Mixing of 
air is usually enhanced by the proper orientation of air 
supply inlets and exhaust outlets in the structure to give a 
maximum of air entrainment. Thus, a planned intake system can 
increase the chances of proper air distribution. 
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Agricultural engineers have depended largely upon experi­
ence as a guide in the solution of ventilation inlet problems. 
There is no real agreement as to the nature of inlet require­
ments. Determination of inlet area requirements is possible 
if the pressure-discharge characteristic of the inlets used 
are known. However, available information on the air flow 
characteristics of typical inlets is limited. Air distribu­
tion and entrainment characteristics of inlet air streams can 
be analyzed using empirical relationships developed from 
known air jet theory. But application of the "jet formulas" 
to the inlet conditions common to agricultural usage is, at 
best, uncertain. 
The Purpose of the Research 
The effectiveness of air inlets used in the ventilation 
of enclosed spaces depends upon the quantity and distribution 
of the air in the jet stream issuing from the inlet. Design 
of the inlet as to area and geometric shape is based upon 
allowable pressure drop across the inlet for a specified 
quantity of air flow required in any location within the 
structure. For proper air distribution, the shape and throw 
of the jet, in addition to the amount of entrainment, are also 
important considerations, 
Much of the data presently avail^le for designing a 
planned inlet system for an agricultural structure is limited 
in application. In the American Society of Agricultural 
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Engineers Yearbook (21, p. 277), data is given concerning 
pressure drop across inlets for five typical inlet configura­
tions. However, direct comparisons of the inlet data cannot 
be made since different inlet areas were used in obtaining 
the data. In general, information available concerning the 
air flow characteristics of inlet jets applies to jet dis­
charge into large open spaces under conditions quite different 
from those ordinarily associated with inlet discharge in 
agricultural structures. Empirical jet relationships pre­
sented in the American Society of Heating, Refrigeration, and 
Air-Conditioning Engineers Guide and Data Book (75) were 
developed from experimental investigations in the laboratory 
under highly idealized conditions. 
General research requirements 
Additional research is needed for extending the applica­
bility of pressure-discharge relationships to a greater number 
of ventilation inlet types. The influence of inlet geometry 
and material upon inlet performance should be specified in 
more concrete terms in order to increase the scope of planned 
inlet design. Also, further investigation to determine the 
characteristics of supply air streams under finite conditions, 
for example, under the influence of walls, deflectors, heat 
sources, and exhaust systems, is needed for effective ventila­
tion system design. A more thorough understanding of inlet 
air streams under flow conditions common to agricultural usage 
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could lead to the incorporation of improved ventilation 
systems in animal production structures. Local exhaust or 
push-pull type systems possibly could be adapted to more 
effectively control the highly contaminated environments of 
enclosed animal units. Nave, et a2. (53, p. 113) in a study 
of ventilation inlets, have indicated the desirability of 
delivery of the ventilation air to the vicinity of the animal 
by means of a pressure system. This same approach could be 
utilized to directly control gases produced by animal wastes 
stored in pits or under floors of buildings. 
The application of dimensional analysis and the princi­
ples of similitude would be valuable in obtaining a more 
clearly defined knowledge of the air flow characteristics of 
the inlets of animal buildings. Principal advantages would be 
the following: 
1. • The experimental investigation could be made on a 
model ventilation system and enclosure scaled to a 
size which would facilitate testing procedures. 
2. Since previous research indicates that flow simi­
larity of inlets would be based upon the Reynolds 
number criterion, velocities and pressures in a model 
system would be increased in magnitude, thus easing 
the problem of the precision of measurement of these 
variables. 
3. A verification test of the model system would demon­
strate whether or not all significant variables. 
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particularly those of geometry, had been included in 
the analysis. 
4. Experimental data could be obtained for a wide range 
of the significant variables and the influence of 
individual variables upon the over-all system readily 
determined. 
Limits of the present research 
Before an extended research program involving a simili­
tude approach can be used, an initial phase of investigation 
centering around verification testing is required. The basic 
steps during this phase of testing are first, to determine 
whether or not a basic ventilation system utilizing a typical 
inlet, for example a slotted inlet, can be successfully modeled. 
Second, a comparison of experimental results with possible 
theoretical solutions is to be made to further validate the 
experimental approach. If modeling procedures can be effec­
tively used for predicting prototype inlet characteristics 
for a simple ventilation.system, then future research can 
proceed to the investigation of more complex systems involving 
finite influences upon inlet air-flow. 
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REVIEW OF LITERATURE 
Ventilation Jet Structure 
Streams of make-up air entering a ventilated space are 
basically air jets. Thus, a knowledge of the characteristics 
and structure of air jets makes it possible to consider 
quantitatively the behavior of the air streams entering a 
structure through inlets. The air jet relations apply regard­
less of whether the air enters the space by means of a 
positive pressure system or from a negative pressure exhaust 
system. 
In the analysis of the dynamics of fluid jets presented 
by Pai (58, p. 71), it is demonstrated that the flow of a jet 
of air may be roughly divided into two regions, the potential 
core and the jet mixing region. The potential core exists 
near the exit of the nozzle and in the central portion of the 
jet. In the potential core, the velocity gradient is not 
large and the effect of viscosity is negligible. VThen the 
velocity of flow is small, the air in the potential core of a 
jet may be considered as an incompressible and inviscid fluid. 
Inviscid and incompressible flow 
The problem of two dimensional flow of a jet of inviscid 
and incompressible fluid was analyzed in 186 8 by Helmholtz 
(29, p. 146). Two-dimensional flow-implies that flow is the 
same in all planes parallel to a given plane, for example the 
xy-plane, and there is no velocity component parallel to the 
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2-axis, The velocity components in the x and y directions are 
independent of the z coordinate, thus only the xy-plane need be 
considered. This type of flow is of particular interest in the 
present investigation, since flow from a narrow slot-type 
inlet may be considered as two-dimensional. Helmholtz deter­
mined the form of the free streamlines of a jet for the case 
of flow through a two-dimensional orifice in a thin wall. 
Free streamlines are important in the flow of a jet since they 
separate the fluid in motion from the fluid at rest. He 
pointed out the possibility of the existence of a surface of 
discontinuity in the velocity, though not in the pressure, at 
the boundary separating two streams of a perfect fluid. By a 
mathematical analysis involving the theory of complex varia­
bles and conformai transformation, Helmholtz also showed that 
if the width of an ideal fluid jet opening is equal to ir + 2, 
then the ultimate width of the jet when the free stream lines 
become parallel is equal to ir. The coefficient of contraction, 
C^, may then be expressed as 
= n/n+2 (1) 
This theoretical value for the coefficient of contraction 
corresponds to the frequently expressed experimental value 
determined by the ratio of the area of the jet at the vena 
contracta, the section where the jet streamlines become 
parallel, to that of the orifice. This value is given as 
approximately 0.61 to 0.64 by most authors in fluid mechanics 
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for a sharp-edged, thin-walled orifice (11, 79, 88). 
A jet escaping from a two-dimensional slot was studied 
by Busemann (15) using a theoretical analysis and considering 
the effects of compressibility. He showed that the stream­
lines become uniform and parallel at infinite distance from 
the slot. But for practical purposes, the parallel conditions 
are arrived at within a few jet widths of the slot. The 
contraction ratio of the jet was found to be 
P2 = mass density of the fluid at the vena contracta, 
Po = mass density of the fluid entering the slot. 
For the condition of incompressibility, when p2 = Pq^ this 
expression reduces to the same coefficient as that determined 
by Helmholtz (29, p. 150). 
Pai (58, p. 4) also presented another approach for calcu­
lating the lower limit of the coefficient of contraction using 
the momentum principle. ï-îhen a fluid jet flows from an 
orifice as a result of a difference in pressure across the 
orifice, it carries the momentum per unit time of an amount 
IT (2)  C 
c 
where 
M O PA.VZ , (3) 
where 
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M = momentum per unit time, 
o 
p = mass density of the fluid, 
Aj = cross-sectional area of the jet, 
V = is the resultant velocity of the fluid at 
the vena contracta. 
The relationship for V as determined from the Bernoulli 
equation is given by 
V = , 
P 
where 
= pressure in high pressure region of jet, 
p^ = pressure in low pressure region. 
From Equation 4, the momentum expression becomes, 
= 2Aj(p^-p^) . (5) 
The loss in pressure over the cross-section of the orifice 
opening. A, must be equal to the momentum of the jet. Then, 
A(Pi-Po) = ZAjCp^-p^) , ( 6 )  
or 
^4 1 
-K  ^ -2 ' (7) 
thus giving the lower limit of the coefficient of contraction. 
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The phenomenon of contraction is generally considered to 
be due to the fluid, as it flows radially towards the orifice 
of the jet and reaches the edges, not immediately turning from 
the radial direction into the direction of the axis. If the 
jet opening is rounded and the change of direction of the 
streamlines is completed within the jet orifice, the value 
of the contraction coefficient approaches unity. In general, 
the coefficient of contraction for a circular orifice is only 
slightly different from that of a narrow slot. The value of 
the coefficient becomes important in a consideration of the 
quantity of air flowing through an orifice as given by the 
continuity relationship, 
Q = CgAV , (8) 
where 
Q = volume rate of air flow, 
= coefficient of contraction, 
A = area of the jet orifice, 
V = average velocity of the air flowing through 
the orifice. 
When a fluid enters an extended pipe section inlet 
through a sharp-edged entrance, there is first a contraction, 
and then an enlargement of flow. Since, in this case, the 
orifice is provided with a formed section through which the 
fluid can flow, the discharge may be very different from that 
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of a sharp-edged orifice alone, the difference depending upon 
the length and form of the pipe section. Lea (46) stated that 
if the fluid stream clears the exit edge of the inlet section 
after converging, it behaves as a sharp edged inlet. However, 
if expansion of the jet takes place within the inlet, filling 
the pipe section so that the discharge is full bore, then the 
coefficient- of contraction for the exit is unity. King, 
et al. (34) presented information showing that contraction 
coefficient values can vary significantly depending upon the 
shape of the mouthpiece or pipe section, the length of the 
section, and the entrance and exit conditions. 
Medaugh and Johnson (48) have shown that coefficient of 
contraction values may be a function of Reynolds number at low 
Reynolds number magnitudes where, for a real fluid, viscous 
effects become important. In addition to the coefficient of 
contraction, for a real fluid where the frictional resistance 
that occurs as the fluid enters and passes through the orifice 
is considered, an additional coefficient may be introduced. 
The ratio of the actual velocity to the theoretical velocity 
which would exist without friction is designated as the 
coefficient of velocity, C^. In many studies involving the 
flow of a fluid through an orifice, the product of the two 
coefficients, C^C^, is replaced by a single coefficient, C, 
called the coefficient of discharge. 
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Characteristics of viscous jet flow 
The inviscid flow discussed in the previous section is 
primarily applicable to the potential core of the jet. But a 
short distance beyond the efflux section of the jet, a mixing 
region is initiated on the jet boundary. This mixing region 
widens as the flow moves downstream. In this mixing region, 
the effects of viscosity and heat conduction must be con­
sidered. 
Albertson, a^. (2, p. 640) have discussed in detail-
concepts of jet flow development. Since the fluid discharged 
from a jet opening may be assumed to be of relatively constant 
velocity, at the efflux section there will necessarily be a 
definite velocity discontinuity between the viscous jet and 
the surrounding fluid. The turbulence generated in this 
region of high shear will immediately result in a lateral 
mixing process which progresses both inward and outward with 
distance from the efflux section. Fluid within the jet is 
gradually decelerated and fluid from the surrounding region is 
gradually accelerated or entrained. As a result, the constant-
velocity core of the jet will steadily decrease in the lateral 
direction, whereas both the rate of flow and the overall 
breadth of the jet will steadily increase in magnitude with 
distance from the efflux section. 
In their discussion of flow from a submerged outlet of 
air into a medium of air, Albertson, et al. (2, p. 639) have 
pointed out that this type of flow represents an irrecoverable 
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loss of power,- since the entire kinetic energy of the jet is 
dissipated through reaction with the surrounding fluid. The 
difference in velocity between a jet and the region into which 
it is discharged gives rise to a pronounced degree of insta­
bility, the kinetic energy of the fluid flow steadily being 
converted into kinetic energy of turbulence, and the latter 
steadily decaying through viscous shear. This conversion of 
energy is not restricted to the vicinity of the outlet. Any 
reduction in kinetic energy represents a decrease in the 
velocity of flow. Thus, considerations of continuity indicate 
that the area of the flow section must become larger as the 
velocity diminishes. Deceleration of the fluid in the jet 
can occur only through simultaneous acceleration of the 
surrounding fluid, so that the total rate of flow past succes­
sive sections of the jet will increase with distance from the 
outlet. 
Far downstream from the efflux section, the entire jet 
will be a mixing region. In this region there can be large 
variation in velocity and density, thus the effects of 
viscosity and heat conduction must be considered. Pai (58, 
p. 4) has stated that if the velocity is small, less than 160 
feet per second for air, and if the temperature of the jet 
differs little from that of the surrounding fluid, the fluid 
in the mixing region may be considered as incompressible. 
Pai (58, p. 96) has indicated that in an actual case of 
jet air flow, laminar flow and turbulent flow exist in tandem. 
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In general in the first part of the jet, the flow is laminar. 
There follows a transition region and finally the flow is 
turbulent. Turbulent theory of fluid jets assumes that the 
flow is fully developed turbulent flow. Once the entire 
central part of the jet has become turbulent, the flow may 
be considered as fully established, for the diffusion process 
continues thereafter without essential change in character. 
The flow in the transition region is still not well under­
stood, but present knowledge indicates that the origin of 
transition is due to instability of the basic laminar flow. 
The flow of a jet air stream is laminar only when the 
Reynolds number of the flow is small. Actual flows at high 
Reynolds number are characterized by the phenomenon of turbu­
lence. Pai (58, p. 96) has stated that it is typical that in 
a portion of the mixing region near the exit of a jet, the 
Reynolds number can be small and laminar flow will exist. In 
addition, for flow at relatively small Reynolds number, such 
as is common in the air flow through inlets in agricultural 
structures, the jet may be leminar. Thus, the theoretical 
solution for the laminar jet can be of practical interest. 
Laminar flow of a viscous fluid 
In describing laminar flow of a jet of viscous fluid, 
Pai (58, p. 72) assumed that if the flow in the mixing region 
is laminar, only molecular transfer phenomena need be con­
sidered in the mixing region. Turbulent transfer is assumed 
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to be negligible or non-existent. For the problem of laminar 
jet mixing of an incompressible fluid, only the inertia and 
the viscous forces are important. 
Bickley (10, p. 727) has shown that the basic theory for 
laminar flow may be developed by considering the hydrodynamic 
system for a Newtonian, viscous fluid flowing at constant 
temperature. The fundamental differential equation for the 
flow of such a fluid is the Navier-Stokes equation. For the 
component of flow in the x-direction, the equation becomes 
"(lî + "I# + ^iy + "It) " P9cosGi - l£ 3X 
(9) 
where 
p = mass density of the fluid, 
u,v,w = components of velocity at a given point 
in the x, y, and z directions, 
respectively, 
g = acceleration of gravity making angles 0i, 
02/ and 03 with the axes (x, y, z) 
respectively, 
u = viscosity, 
t = time, 
p = pressure. 
Similar equations may be written for the y and z components of 
flow. In this equation, the first term on the left side 
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represents the force required to accelerate the fluid at a 
given point when the flow is unsteady. The second term 
represents the transport of momentum by the fluid flowing 
through a given area. The terms on the right side represent 
the forces producing the acceleration, such as the gravita­
tional body force, the forces due to the change of static 
pressure from point to point, and the viscous forces due to 
shearing in the fluid, respectively. 
According to Weller (90, p. 12.4), Prandtl first intro­
duced the concept of boundary layer so that the Navier-Stokes 
equations can be simplified in such a manner that practical 
problems can be solved based on certain boundary layer 
assumptions. The assumptions of the boundary layer theory 
were given as follows by Howarth (31, p. 185): 
1. The y-direction velocity, v, and its derivatives are 
small compared with u and its corresponding 
derivatives. 
2. Derivatives with respect to x are small compared with 
the corresponding derivatives with respect to y. 
In the flow of the mixing region of a jet, these assumptions 
may be applied. Because of this, the jet mixing region is 
usually called the free boundary layer. Pai (58, p. 75) has 
pointed out that Prandtl's boundary layer assumptions are 
applicable only for vanishing viscosity. 
For the case of the plane jet, when the fluid issues from 
a long narrow slot and the motion is considered to be two 
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dimensional, the equations of boundary layer may be integrated 
exactly. Schlichting (70) and Bickley (10, p. 730) performed 
these calculations. For steady, two dimensional flow of an 
incompressible, viscous fluid from a narrow slot and for the 
case where gravity does not effect the flow, such as when 
there is no free fluid surface. Equation 9 reduces to 
where 
V = kinematic viscosity, ^  • 
Since the streamlines are nearly parallel in jet flow, the 
pressure variation in the jet is so small that it is negligi­
ble. Thus in Equation 10, it is assumed that pressure is 
independent of x as well as of y. For the solution, the slot 
is assumed to be infinitely narrow and the momentum in the 
jet flow is finite. The equation of continuity must also be 
satisfied as follows: 
with the boundary conditions. 
I# = 0, (12) 
V = 0 when y = 0, 
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u 0 as y œ . (13) 
Since the pressure is assumed constant and the motion is 
steady, the rate at which momentum flows, across any 
section of the laminar jet must be the same for all sections. 
Therefore, 
Mo = 2p u^dy = constant. (14) 
0 
Solving the differential Equations 10 and 11 under the 
boundary layer assumptions and using the momentum relation, 
expressions for the velocity components in the x and y direc­
tions are obtained. Bickley (10, p. 731) has presented these 
results for u and v in the following forms: 
I \l/3 
u = 0.4543 sechZg , (15) 
Ip^vx / 
V = 0.5503 1^1 (2gsech2g - tanhg) , (16) 
where 
M \l/3 \ . 
S = 0.2752 |_J%. I ^ (17) 
pv^ 
The flux of mass, Q, across any section of the jet is given by 
il/3 
Q = 2p 
M vx 
u dy = 3.3019 pi ——I . (18) 
0 
Equation 18 shows that the progress of the jet is accompanied 
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by the entrainment of a progressively increasing mass of 
fluid, with the velocity decreasing so that the total momentum 
remains constant. Examination of the approximations utilized 
in the previous solution has shown them to be adequate for 
moderate and large values of x. 
Turbulent flow of an incompressible fluid 
Far downstream from the exit, the flow in the jet is 
usually turbulent. Turbulence has been defined by G. I. Taylor 
(81, p. 421) as, 
"... an irregular motion which in general makes its 
appearance in fluids, gaseous or liquid, when they 
flow past solid surfaces or even when neighboring 
streams of the same fluid flow past or over one 
another." 
In such a flow, the apparently steady motion of fluids is only 
steady in so far as the mean values of the velocities and the 
pressures are concerned. Actually, the velocities and 
pressures are subjected to irregular fluctuations. An essen­
tial feature of turbulent motion is that these fluctuations 
are random. The velocity and pressure distributions, and 
especially the energy losses, are determined primarily by the 
turbulent fluctuations. 
Weller (90, p. 12.1) has given an indication of the 
importance of turbulence in fluid mechanics and engineering. 
Turbulence can increase the resistance to flow by several 
magnitudes, greatly increase the rate of heat transfer, and 
produce mixing or diffusive effects. In most practical 
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engineering problems involving fluid jets, flow is nearly 
always in the turbulent region. Non-turbulent flow requires 
prohibitively small velocities and corresponding large flow 
areas. It was emphasized by Taylor, et al. (83, p. 175) that 
it is characteristic of jet flow that considerable turbulence 
is generated and that the turbulence level throughout most 
of the jet is higher than that normally encountered in flow 
through straight pipes and ducts. 
Reynolds (64), in his paper of 1883, first described the 
laws of instability of streamline flow and the fundamental 
aspects of turbulent flow. The actual velocity at a point in 
a turbulent field is a function of time, 
u = u(t) . (19) 
Reynolds devised a notation which simplifies the problem of 
expressing the flow parameters as functions of time. Using 
this notation, and averaging the equations of motion with 
respect to time, most of the parameters are replaced by their 
mean values. 
In the Reynolds notation, the velocity component, u, in 
one direction of the instantaneous velocity at a point in 
turbulent flow is assumed to be representable by the sum of a 
mean and a fluctuating component. The velocity component may 
be written as 
u(t) = u + u* , (20)  
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where the bar denotes a time average and the prime denotes a 
fluctuating random component of velocity. In their develop­
ment on turbulence, Taylor, et al. (83, p. 175) have shown 
that the time average of u' is zero by definition. However, 
the time average of the square u'Z, is not zero. In addition, 
they have demonstrated that an ideal impact tube will measure 
the time average of the mass density times the velocity 
squared, pu^. This can be expressed in terms of the average 
and fluctuating velocity components at constant density by, 
pu^ = pu^ + pu'2 . (21) 
Dryden (22) , in discussing the time interval value for averag­
ing of parameters, indicated that high frequency, small scale 
components must be considered as part of the mean velocity. 
In essence, mean values are restricted to a negligible change 
over the period of averaging. The Reynolds notation may be 
extended to other flow parameters and to the fluid properties. 
Using the Reynolds notation, Weller (90, p. 123) showed 
that the instantaneous velocity components satisfy the Navier-
Stokes relation. Equation 9. Except for the addition of new 
terms added to the mean values of the stresses due to 
viscosity, the Navier-Stokes equation for turbulent flow 
retains its original form with the instantaneous values 
replaced by their means. For steady, two dimensional flow of 
an incompressible, viscous fluid from a narrow slot. Equation 
10 becomes. 
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=# + # + 4^ + %^ = # (22, 
The additional terms are called Reynolds stresses, or turbulent 
stresses, and are considered to be the explanation of the 
large stresses encountered in turbulent flow. 
Phenomenological theories of turbulent flow 
Because of the random nature of turbulent fluctuations, 
one important approach to the solution of turbulent flow 
problems is the application of methods of statistical 
mechanics. Taylor (81, p. 421) first developed a statistical 
theory of turbulence which satisfies the equations of motion. 
But much of his theory deals with turbulence that is isotropic 
and of limited use in practical application. 
For engineering experimental work, various semi-empirical 
theories, known as phenomenological theories, of fully 
developed turbulent flow have been developed. In the applica­
tion of the theories of turbulence to both axially symmetrical 
and two-dimensional jets issuing from point sources, a number 
of assumptions are usually made. These assumptions are: 
(a) The static pressure gradient in the jet is 
uniform or equal to zero, 
(b) Variation of jet behavior with Reynolds number 
cannot be taken into account so the latter is 
assumed to be large, 
(c) The density remains constant throughout, 
(d) Molecular diffusion in the jet is small as com­
pared with the turbulent diffusion. 
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To Utilize the theories, an empirical constant must be intro­
duced which is selected to give the best agreement with 
experimental results. The theories only provide the shapes 
of the mean-flow pattern, velocity distribution, and zone of 
diffusion and the magnitudes are not predicted. 
One of the first attempts at evaluation of the turbulent 
stresses by means of a phenomenological theory was made by 
Boussinesq in 1877 as discussed by Weller (90, p. 12.4). He 
assumed that the net effect of turbulence was equivalent to an 
increase in the viscosity and introduced a coefficient of 
mechanical viscosity now known as the eddy viscosity. This 
coefficient must be determined by experiment and is a compli­
cated function of the space coordinates. Since space variation 
makes calculations difficult, most treatments using this 
approach assume a constant coefficient value. In their 
investigation of flow in free jets, Hinze and Van Der Hegge 
Zignen (30) assumed this coefficient of eddy viscosity to be 
a function of the velocity along the axis of flow and to be 
constant across any section of the jet. Alexander, ^  al. 
(3, p. 31) indicated that the principal disadvantage in the 
use of this technique is the complexity of the resulting 
expression and the large number of empirical constants intro­
duced . 
One of the most widely known theories for turbulent flow 
is Prandtl's mixing length theory, presented in relation to 
jet flow by Alexander, et al. (3, p. 18). In an effort to 
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relate Reynolds stresses with the measurable quantities of the 
mean flow, Prandtl used the analogy existing between the ran­
dom movement of local eddies of fluid and the motion of the 
molecules in a gas. He thus introduced the concept of mean 
free path into the turbulent flow problem. In the analogy, the 
Reynolds stresses resulting from a transfer of momentum by the 
turbulent fluctuations are a counterpart of the viscous 
stresses produced by a transfer of momentum by the fluctuating 
molecular motion. In addition to the boundary layer assuirg)-
tions (page 19), and the neglect of pressure in the x-
direction, Prandtl assumed that both the logitudinal and the 
transverse turbulent fluctuating velocities are proportional 
to the transverse velocity gradient as follows: 
u' v' ^fy ' (23) 
where 
Û = mean velocity in the x-direction or main 
flow direction, 
u* and v' = x and y components of the fluctuating 
velocity respectively, 
L = mixing length, the distance that the eddy 
of fluid travels in the y-direction before 
mixing occurs. 
The mixing length can be expected to be related in some simple 
manner to the lengths that characterize the flow geometry, 
such as the distances from a boundary. When only one such 
length exists, the mixing length is assumed to be proportional 
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to it. 
The problem of turbulent jet mixing of an incompressible 
fluid was analyzed by Tollmien (84) by the application of 
Prandtl's mixing length theory. Tollmien solved the problems 
of mixing of a parallel stream with an adjacent fluid at rest, 
the mixing of a two-dimensional jet issuing from a narrow 
opening into a medium at rest, and the mixing of an axially 
symmetric jet escaping into a medium at rest. The major 
assumption in Tollmien's theory of free turbulent flow was 
that the ratio of the mixing length to the half width of the 
jet, L/b, is constant across any given section of the mixing 
region. From the spread of a two-dimensional jet he found 
that, 
L/b = 0.066 . (24) 
Tollmien also showed that the spread of a turbulent jet 
increases linearly with x, the distance along the axis of the 
jet, instead of x^/s as in the case of laminar flow. By 
assuming constant pressure in the jet and the rate of change 
of momentum, M^, across any section of the jet constant, he 
found that the x-direction velocity component for a two-
dimensional jet may be expressed as, 
" = • <"> 
His equation of motion, based on the momentum transfer theory 
of Prandtl, was presented as. 
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(26) 
where K is given according to Prandtl's assumption by. 
K (27) 
Tollmien defined a stream function in terms of a function of 
y/x and obtained a series solution for û in the form. 
where « = y/b and s(«) is evaluated in tabular form for 
various values of x and y. 
Taylor (82) later pointed out that local pressure gradi­
ents affect the transfer of momentum and the neglect of these 
gradients in Prandtl's theory may introduce error. Taylor 
developed a turbulence theory which assumes that vorticity 
rather than momentum is the property transferred. The 
principal advantage of this approach is that local pressure 
gradients do not affect the transfer of vorticity if the 
motion is confined to two-dimensional flow. In the case of 
two-dimensional flow, by assuming that the mixing length 
across the jet at a given x-position is constant, the differ­
ential equation for the mean velocity in the jet by the 
vorticity transfer theory is the same as that obtained by 
Prandtl's momentum transfer theory. The same distribution of 
mean velocity is obtained from each theory, with only the 
(28) 
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values assigned the mixing length differing. 
A contrasting phenomenological approach was taken by 
Reichardt (62) to the theory of turbulence. He made no 
attempt to provide a physical model as in the mixing length 
theories. Reichardt observed that the mean profiles of 
momentum flux in the free turbulence of jets can be approxi­
mated by error functions, and that the profiles are similar 
at all cross sections beyond a certain distance from the 
origin of the jet. The error functions are found to be 
solutions to the equations of motion provided the relation 
uv = , (29) 
is true where 
3y 
A = |g (30) 
where 
u = velocity in the x direction, 
V = velocity in the y direction, 
X = distance along the axis of flow, 
y = perpendicular direction to axis of flow, 
b = a constant which is a function of x alone. 
Reichardt derived a fundamental equation for the x-direction 
velocity distribution in free turbulence as follows, 
Ifi = A(x)|p . (31) 
31 
He showed that the distribution of velocity in two-dimensional 
free jets can be represented with good approximation by the 
equation, 
b = width of the mixing zone and a function 
of X, 
Ci and C2 = constants, 
exp = e raised to the power of the exponent in 
parenthesis. 
This equation is a solution of the differential equation of 
motion. Equation 31, for the defined condition of Equation 30. 
Reichardt pointed out that although there is no physical basis 
for the assumptions involved in this approach, the method is 
successful and yields acceptable solutions for the mean 
profiles of velocity or momentum flux. The chief advantages 
of Reichardt's hypothesis are the linearization of the equa­
tions of motion and the degree of simplification obtained. 
Accuracy of solutions is not great near the edge of a jet but 
reasonably good near the axis of symmetry. 
In the analysis of the mean air flow pattern in a sub­
merged jet, Albertson, et al. (2, p. 643) assumed on the basis 
of experimental evidence that the pressure distribution 
throughout the mixing zone of a jet is essentially hydrostatic. 
(32) 
where 
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Thus, the only force producing acceleration of the surrounding 
fluid and deceleration of the jet is the tangential shear 
within the mixing region. Since the process is wholly 
internal, momentum flux must be constant for all normal sec­
tions of any given flow pattern. By assuming that viscous 
action has no influence on the mixing process, the diffusion 
characteristics of the jet and the characteristics of mean 
flow should be similar under all conditions. Albertson, 
et al. (2, p. 653) demonstrated on the basis of experimental 
data that the velocity distribution for mean flow follows 
the general trend of the Gaussian normal probability function, 
^ = expf- 5^] (33) 
max \ ' 
where 
V = horizontal velocity component at any 
x-distance from the jet exit, 
v_^^ = maximum horizontal velocity at the x-position, 
y = vertical distance from the centerline of the 
jet at the point of velocity v^, 
a = standard deviation of the velocity values. 
The condition of dynamic similarity implies that at all cross 
sections, 
^ = constant , (34) 
regardless of the jet efflux velocity. Albertson, et al. 
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{2, p. 643) stated that ttx^ probability function was the 
simplest analytic approximation for available experimental 
data and was introduced for the mathematical convenience that 
it furnishes. 
Experimental investigations 
The behavior of jets of an incompressible fluid was 
investigated by Magnus as described by Pai (59, p. 21). The 
forms of jets from orifices of various shapes were studied 
for consideration of the coefficient of contraction. Even 
though the form of the jet from a noncircular orifice is com­
plicated, the coefficient of contraction of the jet differs 
only slightly from that for a circular orifice. Experiments 
on round sharp-edged orifices by Perry (61) confirmed these 
results. Experimental results follow the theoretical results 
for contraction coefficient as developed by Busemann (15). 
However, both indicate a substantial rise in the coefficient 
values due to compressibility effects. 
One of the earliest experimental investigations consider­
ing both the contraction and velocity coefficients was made 
by Smith and Walker (73). Their study included jet flow from 
sharp-edged orifices, stream-lined orifices, and Borda mouth­
pieces of various lengths. Values obtained for the combined 
coefficients of contraction and velocity, or discharge coeffi­
cient, ranged from 0.5 to 1.0. Binnie (12), in experiments 
made on the flow of water from vertical pipe sections, studied 
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the conditions of free flow and of full flow. Above a sharply 
defined critical head, the free stream expanded to completely 
fill the pipe section, thus giving full flow. The effects of 
lengthening the pipe or sharpening its inlet were found to be 
comparatively small. The average experimental discharge 
coefficient was shown to be about 0.82. This compares with a 
value of 0.84 as given by Addison (1) for the coefficient as 
developed from approximate theory for the same flow conditions. 
In a study of square-edged and chamfered short tube jet 
outlets, Zucrow (91) showed that the coefficient of discharge 
varies with the rate of discharge, the viscosity of the fluid, 
and the jet diameter. He experimentally determined charac­
teristic curves of the discharge coefficient plotted against 
Reynolds number for tubes of various length-diameter ratios 
and angles of chamfer. For values of Reynolds number greater 
than 600 based on the tube diameter, the coefficient did not 
vary greatly. Length of jet inlet, upstream edge condition, 
and the angle of chamfer were all shown to have marked influ­
ence on the characteristic curves. 
The laminar, two-dimensional jet issuing from a narrow 
slot was investigated by Andrade (4) using water as the test 
fluid. He found that at small Reynolds number values, less 
than 10 based on the slot width, the theoretical, similarity 
of velocity profile,- solution was in agreement with the 
observed mean-velocity distribution. The two-dimensional 
theory used for comparison was identical to that developed by 
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Bickley (10, p. 727) . Agreement of experimental data with the 
theoretical solution was improved by considering the distance 
to an equivalent line source for the jet stream behind the 
orifice face. This value was determined from an experimental 
relationship involving the width of the slot and the Reynolds 
number. Andrade also indicated that the laminar jet became 
unstable when the Reynolds number exceeded a certain value of 
the order of 10. At a Reynolds number of about 30, definite 
instability with pronounced turbulence was initiated. 
Various highly sophistocated laboratory experiments have 
been conducted for the purpose of determining the critical 
value of Reynolds number, the value at which turbulence is 
initiated in a laminar jet. General disagreement is observed 
in the literature on the exact value of critical Reynolds 
number for a fluid jet and reported results appear to be 
generally related to the experimental techniques involved. 
Tatsumi and Kakutani (80) have presented data to show that 
the. critical value is around 4.0. Their work was based on 
measurements made on a laminar jet encountering infinitesimal 
antisymmetric disturbances. In an experiment on a symmetric 
liquid jet issuing into a liquid of the same density, 
A. J. Reynolds (63) found that the critical Reynolds number 
based on the diameter of the nozzle, was approximately equal 
to 300. He considered the critical value to be that for which 
complete breakup of the laminar jet occurred and a rapidly 
spreading jet condition developed. Kolpin (42) studied the 
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mixing region of a jet produced by a one-half inch diameter 
nozzle in an effort to specify the limits of the turbulent 
boundary layer transition region. The boundary layer at the 
exit was found to be laminar, the transition to turbulence 
taking place between 0.4 to 0.8 jet diameters downstream from 
the nozzle. The laminar boundary layer became less stable 
with increasing Reynolds number and the transition region 
moved closer to the nozzle outlet. 
The problem of turbulent mixing of an incompressible 
fluid jet has been studied experimentally to a greater extent 
than any other aspect of jet flow. Experimental work has 
necessarily accompanied the development of the semi-empirical 
theories for the mean flow characteristics of turbulent flow, 
since flow parameters had to be evaluated on the basis of 
experimental data. The analyses made by Tollmien (84) and by 
Kuethe (43) were both verified by means of experiment at the 
time they were proposed. Forthmann (25) also did experimental 
work in attempting to verify the theoretical results published 
by Tollmien. 
In considering the mixing length theory as applied to 
turbulent jets, Cleeves and Boelter (16) made experimental 
investigations to compare test data with mixing length theory 
prediction. Empirical constants for mixing length expressions 
were determined from the geometry of the jet. Results indi­
cated that axial velocity distribution was not well correlated 
with distance from the jet axis. A major problem in their 
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investigation was the difficulty in establishing the axial 
position at which the jet converted from the potential-core 
region to the turbulent jet region. 
In experiments made with free-turbulent non-isothermal 
jets. Squire (76) showed that heat within the jet structure 
spreads faster than momentum. This evidence was qualitatively 
in favor of the vorticity transfer theory as compared with 
Prandtl's momentum transfer. Later, Squire (77) also pre­
sented an experimental approach for showing the relationship 
between laminar and turbulent jets. He assumed that the 
laminar jet is an example of turbulent flow for which the 
eddy viscosity may be treated as constant throughout the jet. 
The mean velocity profiles for the turbulent jet can then be 
calculated from the laminar relations by replacing the kine­
matic viscosity v by the eddy viscosity as determined 
experimentally from its relationship with the fluid velocity 
and the geometry of the jet. 
Detailed measurements of the turbulence within symmetrical 
jets made by Corrsin (19) pointed out a major discrepancy 
between the assumptions made in the mixing length theories and 
the actual system. Turbulent fluctuation measurements showed 
that the mixing length did not remain constant across the 
mixing region as assumed by Prandtl and Tollmien. Corrsin 
pointed out that it does not seem possible to differentiate 
among the various theories on the basis of mean-flow measure­
ments. The success of the mixing length theories, as well as 
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other phenomenological theories, is largely due to the fact 
that any reasonable assumption regarding the dependence of the 
turbulent stresses on the mean flow parameters results in a 
solution that will fit the data reasonably well. Any varia­
tion of the mean velocity-distribution function for a jet 
cross-section according to the type of turbulence structure 
assumed is not great. As a result, comparison between experi­
mental data and theory does not provide a conclusive check 
on the accuracy of the assumed mixing characteristics. 
Robertson (66) has demonstrated on the basis of experi­
mental evidence that in the jet mixing region, a flow of 
similar velocity profile occurs in which the profile is 
closely expressed as the Gaussian error function or the normal 
probability function. This lends importance to the available 
velocity distribution theory as proposed by Reichardt (62, 
p. 167). Various other experimenters have also utilized the 
turbulent transport theory utilizing the normal probability 
distribution of axial velocity. In a study of transport of 
momentum, mass, and heat in turbulent jets, Alexander, et al. 
(3, p. 8) selected Reichardt's theojry since it makes possible 
the solution of problems involving complicated boundary condi­
tions by the method of superposition of particular solutions 
of the linear equation of motion. The theoretical predictions 
for a free, axial jet were compared by Alexander, et a^. with 
the results of experiments performed in the laboratory. 
Results of tests on two-dimensional jets made by 
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Albertson, et (2, p. 654) showed that the velocity fxmc-
tion in the jet diffusion region closely follows the normal 
probability function expressed by Equation 33 as previously 
given. Experimental data were presented for comparison with 
theoretical relations for velocity, volume-flux, and energy-
flux, all derived on the basis of the normal distribution 
assumption. Measurements conducted with the flow of air at 
different velocities from slots were shown to be in substan­
tial agreement with the developed analytical relationships. 
Similar investigations to that by Albertson, et al. were 
made by Taylor, et al. (83), Keagy and Welier (33), Pai (59), 
Tuve (86) , and riiller and Comings '49) - In each of these 
investigations, it was established that a normal probability 
curve is descriptive of the cross-section velocity distribu­
tion for a turbulent jet. 
In the previously described investigations of turbulent 
jet flow, the structure of the jet was assumed to be formed 
under the conditions of free turbulence. The term free 
turbulence implies flow in which walls play no part and for 
which the pressure variations are unimportant. Several 
studies have been made in which the influence of walls and 
pressure variation in the vicinity of the jet have been con­
sidered. In experiments on the flow due to a two-dimensional 
turbulent-jet of incompressible fluid released parallel to a 
flat plate. Sawyer (68) shov/ed that measured velocity profiles 
of the jet as it curved towards the plate were essentially 
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symmetrical. The entrainment of fluid near the plate caused a 
pressure difference across the jet, curving the jet towards 
the plate. The jet stream divided on striking the plate, 
with a portion of the volume flow reversed into the cavity 
formed by the impinging jet. Sawyer expected the entrainment 
properties of the curved jet to differ from the corresponding 
plane jet, since momentum transport arguments indicated a 
reduced entrainment along the inner edge of the jet and an 
enhanced entrainment along the outer edge. 
In a later investigation by Sawyer (69), he modified his 
analysis for improved prediction of length and average 
pressure of the recirculation region of the curved jet. The 
new analysis included the effects of different rates of 
entrainment along the inner and outer edges of the jet. He 
used an overall entrainment parameter E, defined as the rate 
of increase in volume flow per unit jet span with downstream 
distance. Experiments gave a value for E of 0.130 for a plane 
jet. Sawyer concluded that curvature has a considerable 
effect on entrainment properties of a jet. This is important 
in the velocity field induced by curved jets. The different 
entrainment rates at the two jet edges do not produce velocity 
profiles substantially different from those of a plane jet. 
The velocity distribution for the plane wall jet has been 
developed theoretically by Glauert (27). Glauert first used 
the term wall jet to describe any jet of fluid which impinges 
onto a wall tangentially and spreads out over it. Schwarz and 
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Cosart (71) showed experimentally that in the outer layer of 
the wall jet, near the position of maximum velocity, there 
is a considerable difference in the velocity profile from that 
of a free jet. Bakke (5) also studied turbulent low-speed 
round jets of air spreading out radially over a flat smooth 
plate. He found that the velocity profiles were similar and 
that the velocity change rate and the change in jet width 
could be expressed by simple power-laws. Bakke compared his 
experimental results with the theory developed by Glauert (27). 
Recapitulation 
The basic characteristics of the structure of an incom­
pressible fluid jet have been outlined in numerous sources. 
There are two primary zones of flow which should be considered 
in a study of the jet structure, the potential core near the 
exit of the jet and the downstream mixing region. In the 
potential core, the fluid resembles a perfect fluid and the 
flow is essentially inviscid and of constant magnitude. As 
flow continues into the mixing region, viscous effects become 
important and there can be large variations in velocity. Far 
downstream from the exit section, the jet flow takes on the -
characteristics of fully developed turbulence. 
In studying the jet structure as it emerges from the 
orifice, the phenomena of jet contraction and friction losses 
must be considered. The flow relationship must include the 
coefficient of contraction and the coefficient of velocity to 
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take into account the energy losses in the jet at the exit 
section. It is possible for the coefficient of contraction 
to approach unity, the condition of full flow, if the inlet 
section is long enough to allow change of fluid flow direction 
within the inlet. However, the greater distance the section 
is extended in length, the more important will be the losses 
due to friction. 
At low values of Reynolds number, a substantial part of 
the jet stream can consist of laminar flow. Theoretical 
solutions exist for the case of two-dimensional laminar flow 
of an incompressible flow for comparison with experimental 
data. However, it appears that the critical Reynolds number 
for a conversion from laminar to turbulent flow has not been 
clearly defined for the fluid jet. Experimental evidence 
indicates that it occurs at extremely low Reynolds number, 
much lower than would be encountered in air flow at measurable 
velocities. Hence, it is doubtful that in an investigation 
of air streams from two-dimensional orifices, a significant 
portion of the air flow would be laminar. 
Extensive investigations of the turbulent mixing region 
of jet flow have been made. Several phenomenological theories 
requiring the experimental evaluation of at least one empiri­
cal constant have been proposed to describe the cross-sectional 
velocity profiles of a turbulent jet. Of the proposed 
theories, the one most often used and the one offering the 
greatest convenience for use in an experimental investigation. 
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is that proposed by Reichardt (62). Using this theory the 
velocity profiles are as s timed to follow the normal probability 
distribution. 
Investigations of the turbulent region of a free jet 
have been extended to cover the jet structure as it is affected 
by the presence of walls and pressure variations. The curved 
jet, produced when the turbulent jet is released near a flat 
plane, and the wall jet have been studied to some degree under 
highly limiting assumptions. 
Pressure differences across inlets 
In a study of jets issuing from long, narrow slots in 
ventilation ducts, Koestel and Tuve (40, p. 87) discussed the 
relationship for the slot exit velocity in terms of the 
pressure difference across the slot. The relationship given 
is as follows: 
Vg = average velocity at the slot, 
= discharge coefficient, 
g = acceleration of gravity, 
p = mass density of fluid flowing, 
= difference in pressure across the slot. 
Inlet Air Flow Characteristics 
V 
s 
(35) 
where 
44 
V, = velocity on the high pressure side of the 
slot. 
When the slot is supplied from a large plenum chamber, 
the discharge angles of the jet stream lines are at 90 degrees 
to the chamber. The velocity in the chamber, V^, may be 
considered at zero for this case. Two possible energy losses 
may occur with this system, one due to contraction of the air 
stream and the other due to friction. Koestel and Tuve (40, 
p. 98) showed that in their investigation, the long slots 
studied were subject to both types of losses. 
An experimental investigation conducted by Walton and 
Sprague (89) on air flow through inlets used in animal shelter 
ventilation produced important air flow-static pressure 
characteristics for inlets of various types. Pressure charac­
teristics were determined for available commercial inlets 
as well as several homemade inlets. Included among the 
latter were slot-type L-shaped and T-shaped box inlets. It 
was concluded that pressure difference across an inlet depends 
upon the amount of inlet area, the shape of the inlet, and 
the volume rate at which air is exhausted. Long slots used 
as inlets were shown to admit more air per unit area than 
other shaped inlets. All tests were made on inlets of actual 
size with results applicable only to inlets similar to those 
tested. 
Research concerned with the determination of the principal 
variables influencing the pressure drop in an air stream 
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flowing through 45 degree wooden louvers has been carried out 
by Cobb (17). A dimensional analysis approach was used for 
the experimentation. Variables included in the study were the 
air stream velocity through the louver, the air density and 
viscosity, and the hydraulic radius and area of the louver 
opening. The constant of proportionality between dimension-
less products involving pressure and velocity and the other 
variables was determined experimentally. The analysis was an 
oversimplification of the flow conditions in that a charac­
teristic dimension of the louver, representing the complete 
list of pertinent.geometric variables, and the absolute 
roughness were not considered. No effort was made in the 
investigation to apply the experimental results to other types 
of louvers or air inlets. The principal conclusions that 
may be dra\fn from the work by Cobb (17) are that the inertia 
forces are predominant over viscous forces until a certain 
area ratio of the louver is reached. Below this ratio, the 
louver channel is long in comparison with slot height and the 
influence of viscous forces becomes increasingly important. 
In a continuation of Cobb's investigation, Bevier (9) 
extended the measurements of pressure drop to include those 
produced through full-sized louvers of several designs with 
various louver shapes and dimensions. All pertinent geometric 
variables were included in his study and pressure drop charac­
teristics determined were directly applicable to other louvers 
which were geometrically similar. The coefficient of 
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resistance for the louvers is shown to be independent of 
Reynolds number for the values of free area ratio studied. 
Velocity profiles and flow patterns 
Tuve (86, p. 271), in an investigation giving special 
attention to annular jets but also including slotted inlets, 
has supported the semi-empirical theory that velocity pro­
files are obtainable by a simple form of the probability curve. 
His studies were made on free jets discharging into a long 
room of still atmosphere. No surface or objects were near 
enough to the air stream to interfere with formation of the 
natural flow pattern. In studying isothermal jet flow from 
the inlets, Tuve observed four zones in the jets and defined 
the zones in terms of maximum or center-core velocity. The 
zones were described as follows by Tuve (86, p. 263): 
Zone 1 - Located 2 to 6 inlet diameters from the inlet 
face. Maximum or core velocity is very nearly 
equal to the original outlet velocity throughout 
this length. 
Zone 2 - Transition zone extending 8 to 10 diameters. 
Over much of this zone, maximum velocity 
varies inversely as the square root of the 
distance from the outlet. 
Zone 3 - Extends from 20 to 100 diameters, depending on 
the shape and area of the inlet and initial 
velocity. This zone is the principal zone of 
the jet, referred" to as the zone of fully 
established turbulence. Maximum velocity was 
found to vary inversely as the distance from 
the outlet. 
Zone 4 - Terminal zone in which the residual velocity 
decays rapidly into large-scale turbulence. 
Maximum velocity goes below 50 feet per minute, 
usually regarded as still air. 
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Tuve found that after the development of full turbulent flow 
in Zone 3, the free jet from a rectangular orifice of low 
aspect ratio could hardly be distinguished from a round nozzle 
jet. Aspect ratio is here considered to be the ratio of the 
inlet length to the inlet width. For aspect ratios of 15 to 
20, Zone 2 extended to 20 or 30 inlet diameters, but a defi­
nite Zone 3 of greater length than Zone 2 was observed. 
During this same investigation, Tuve (86, p. 274) also 
demonstrated that a jet discharged along a wall behaves as 
one-half a symmetrical jet and the maximum velocity occurs 
very close to the surface. The throw and spread of such a jet 
are greater than those of a free jet. For comparing experi­
mental data with the theoretical velocity profiles, Tuve used 
an average angle of divergence for the free jet of 20 degrees 
based upon a tabulation of reported experimental data. In 
this investigation, it was emphasized that the characteristics 
of the low-velocity jet regions are not well understood, nor 
are the effects on the jet of a closed room, or how the 
velocity profiles vary with Reynolds number. It was also 
pointed out that the usual assumption of a constant rate of 
momentum flow at any jet cross-section is only valid when the 
discharge space is infinite. 
In the tests made by Albertson, et al. (2, p. 652) on 
long slots discharging between parallel end walls, experi­
mental data indicated that the square root relationship for 
maximum velocity, corresponding to Tuve's Zone 2, extended to 
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as far as 2000 slot widths. In these tests, slots of aspect 
ratio of 288 and greater were used with the jets discharging 
between two parallel walls set perpendicular to the plane of 
the jet inlet. In an earlier investigation by Tuve and 
Priester (87) , it was shovm that experimental data was well 
correlated with theoretically predicted values for slots with 
aspect ratios as high as 128. These tests indicated that 
beyond 20 diameters from the inlet, the maximum velocity con­
verted to a relationship of inverse proportionality with 
distance from the inlet rather than the theoretical relation­
ship of inverse proportionality with the square root of the 
distance from the inlet. In a separate investigation which 
included a study of free air streams from slots having an 
aspect ratio of less than 50, Koestel, et al. (39) used the 
velocity versus throw relation of indirect proportionality 
with distance, or 
V. X (36) 
V. 
o 
where 
V X stream velocity at any distance x from the inlet. 
V 
X 
o 
average inlet velocity, 
horizontal distance from the inlet 
This same relationship was experimentally verified by 
Silverman (72) for low aspect ratio slots. Apparently aspect 
49 
ratio is extremely important in determining whether a major 
portion of the jet profile falls in Zone 2 as described by 
Tuve (86, p. 263), where maximum velocity is inversely 
proportional to the square root of the distance x. In study­
ing the discharge from long slots in ducts, Koestel and 
Tuve (40) have also pointed out that the throw of air streams 
from slots of aspect ratio of 100 or more is much shorter than 
that for a corresponding circular or rectangular inlet. 
A report of three years of testing was presented by 
Koestel (36) on geometrically different types of radial flow 
inlets to determine the effect of inlet geometry on the air 
jet velocities and flow patterns. Using the normal proba­
bility function as a representation of the free jet cross-
sectional velocity profile, Koestel developed expressions for 
estimating air velocities in air jets from radial flow outlets 
under isothermal conditions based on his experimental results. 
At the closing of his report, he emphasized that the actual 
jet flow through the various inlets involves complex eddy, 
turning, and impact losses which are not taken into account 
by the equation based upon a constant momentum analysis. 
Using this same theoretical approach, Koestel and Austin (38) 
analyzed the air flow pattern, cross-sectional velocity 
distribution, and maximum velocities encountered with respect 
to distance from two circular nozzles. They considered that 
one jet was superimposed upon the other, whereby the respec­
tive momenta were additive according to laws of momentum. 
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Validation of the theoretical expression for the two-jet 
configuration indicated variation according to inlet size 
and spacing. Major deviations from the developed equation 
were encountered when the actual velocities were below 150 
feet per minute. 
A very carefully controlled study of isothermal ventila­
tion jets was conducted by Nottage, et al. (56). Jets from a 
six-inch diameter standard nozzle were projected horizontally 
into a large confining space. Tests covered mean outlet 
velocities ranging from 100 to 6000 feet per minute. Iso­
thermal conditions were controlled to an accuracy of ± 1.5 
degrees Fahrenheit. The axial-direction velocities and the 
jet boundaries were specified in terms of four sets of data, 
1. Boundary contours, 
2. Axial velocities and axis position, 
3. Outlet characteristics, 
4. Cross-jet velocity profiles. 
The authors compared the test data with theoretical profiles 
developed from the theory of Tollmen (84) and the error-
function theory. Neither one was completely satisfactory and 
no simple analytical expression was found to fit the test 
data. Jet flow rate data also showed the non-validity of any 
assumption that flow rate increases linearly with distance 
from the outlet. Nottage, et a2. (56) indicated that the 
discrepancy between their data and the theoretical prediction 
was caused primarily by the presence of the room surfaces of 
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the confining space. The confining surfaces cause the rate 
of momentum flow not to be constant at higher velocities, even 
though the surfaces had little effect with velocities below 
500 feet per minute. The presence of room surfaces causes 
starving of the jet at the higher velocities, thus influencing 
the jet volume flow rate. It was also indicated that laminar 
flow existed in the jet at velocities below 100 feet per 
minute. 
In a discussion of the importance of turbulence, Nottage 
(54) presents experimental data demonstrating the influence 
of turbulence intensity upon the performance of ventilation 
jets. Turbulence intensity is defined as the ratio of the 
root-mean-square fluctuating velocity to the time-mean 
velocity. In a later investigation, Nottage, et a2. (57) 
made experimental measurements of intensity in an isothermal 
jet at varying entrance velocities. Results indicated that 
turbulence intensity is an important variable for ventilation 
jets in the range of relatively low outlet velocities of 350 
to 1000 feet per minute. No appreciable effect is observed 
at velocities of 2500 feet per minute or greater. Intensity 
was shown to exert its influence within a short distance from 
the inlet. An increase in inlet turbulence intensity decreased 
the throw of the jet. 
A study of air discharge from fan pipes in mines by 
McElroy (47) has demonstrated the importance of confining 
boundary conditions on the ventilation jet. Near the pipe 
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inlets, the jet flow was similar to a free expansion air 
stream into quiet air. But farther away from the inlet, the 
presence of walls exerted an extensive influence on the flow 
pattern. However, this influence was empirically expressed 
based upon experimental data. Physically, the air-flow 
conditions differed from those of similar jets discharging 
into large open spaces in three major respects: 
1. Angles of expansion were smaller, 
2. Entrance air was not drawn from a still atmosphere 
but was obtained by recirculation of jet air, 
3. The length of the jet was finite, and was limited by 
resistance to flow. 
McElroy found that the change of velocity along the axis of 
the jet beyond a certain distance became an exponential func­
tion of distance rather than continuing as a power function as 
for a free jet. 
Several investigations have been described concerning the 
characteristics of non-isothermal jet streams. Nottage, et al. 
(55) studied the chilled jet and showed that the velocity and 
the temperature profiles for non-isothermal jets are very 
dissimilar. In an investigation of heated jets by Koestel 
(35), knowledge of the behavior of free jets was applied to 
the analysis of the non-isothermal condition. Jet performance 
was analyzed in terms of conservation of thermal energy and 
the equating of the buoyant forces to the changes in jet 
momentum. The theoretical jet velocity profiles were again 
shown to have a probability-function distribution. 
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Experimental results indicated that if differences in density 
between the jet medium and the ambient air are great, the 
theoretical equations developed gave inaccurate predictions. 
The validity of the assumptions used in the analysis were also 
questionable for low velocities. The experiment demonstrated 
that the envelope of a heated jet is also extremely difficult 
to define or to determine experimentally. In a later study by 
Koestel (37) of heated and chilled jets, another comparison of 
theoretical and experimental results was made. Again, the 
test results did not give validation of either the test data 
or the theory. No indication was obtained of actual devia­
tions of data from assumed conditions used in the theoretical 
analysis. 
In an investigation made by Hinze and Van Der Hegge 
Zignen (30) considering the phenomenon of heat transfer in an 
axially symmetric jet, the initial testing was concerned with 
isothermal jets only. The report of the study clearly indi­
cates the importance of initially confining differences in 
temperature with respect to ambient air to small values, in 
order to avoid the complexity that results from variable 
density and to make possible the application of developed 
theory based on the assumption of constant density. Experi­
mental work can then be extended to consider temperature 
variation afterwards. 
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Air entrainment and distribution 
The effectiveness of a ventilation jet in distribution 
and mixing of incoming air within a given system has been 
measured by many investigators by considering the jet entrain­
ment. Entrainment ratio is defined as the quantity of air 
entrained by the jet air stream up to any given cross-section 
along the jet axis divided by the total quantity of air 
flowing from the ventilation inlet. This ratio is an indica­
tion of the degree to which incoming air is mixed and 
distributed within the air already contained in the ventilated 
space before reaching any desired location. 
Farguharson (24) has explained in his discussion of 
ventilation jets that no entrained air exists in the jet core. 
But as the jet diverges, entrainment takes place and the 
envelope of all entrained air includes a total angle of 
approximately 24 degrees. Farquharson has shown that air is 
entrained at a uniform rate throughout the length of a free 
jet and that the entrainment ratio can be expressed as a func­
tion of the effective area of the inlet and the distance from 
the inlet. But as pointed out in the discussion of velocity 
profiles, Nottage, et al. (56) have emphasized the non-
validity of assuming a uniform flow rate increase if the 
effects of confining walls are considered. 
Becker (8), and in a separate study, Parker and White 
(60), have shown that a ventilation jet released near and 
parallel to a plane wall or ceiling will be drawn to and 
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remain close to the surface because of the limitation placed 
on entrainment. Effective entrainment takes place on one 
side of the jet stream only, with a resulting reduction of 
velocity on the open side of the jet. 
Performance of room air distribution systems have been 
considered by Koestel and Tuve (41) for high volume systems. 
Air velocities in the occupied zone of air distribution were 
shown to be proportional to the velocities in the supply inlet 
air streams. For baseboard slots, patterns of air distribu­
tion were fixed by the geometry of the room and the volume of 
air circulated. 
The importance of gravitational forces due to differences 
in densities of the supply air and the room air has been 
demonstrated by Oilman, ^  a2. (26) . In room air distribution 
studies, temperature differences influenced both the incoming 
air jet and the resulting distribution patterns. As jet 
velocity decreased with distance from the inlet, gravitational 
forces became predominant and the jet axis curved downward. 
Recapitulation 
Investigations concerning pressure differences across 
inlets of various geometric configuration have indicated that 
the relationship between pressure drop and air flow rate, 
expressed in terms of a discharge coefficient, may be deter­
mined experimentally. Pressure difference across an inlet was 
shown to depend upon the inlet geometry, the inlet shape, and 
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the volume flow rate. Viscous effects become important when 
the inlet length is long in comparison to the inlet height. 
Experimentation made on two-dimensional inlet jets has 
demonstrated the importance of inlet aspect ratio in deter­
mining the relationship between jet maximum velocity and the 
distance from the inlet face. For free jets, the normal-
probability curve was satisfactorily used for depicting 
velocity profiles at any jet cross-section. In the case of 
jets influenced by the presence of confining surfaces, the 
actual form of the flow pattern may be expected to vary con­
siderably according to the boundary conditions. Jet flow 
rate cannot be assumed to increase linearly with distance from 
the outlet nor is the momentum flux across any jet section 
constant for a jet that is affected by confining surfaces. 
Investigations of non-isothermal jets have emphasized the 
increased complexity of the study of jets of varying tempera­
tures with respect to the ambient fluid. Indications were 
given that any non-isothermal study should be preceded by a 
constant density analysis of the inlet air stream. 
Entrainment ratio has been used by investigators as an 
indication of the mixing characteristics of a ventilation jet. 
The quantity of entrainment and the air distribution 
velocities produced in a confined space are both related to 
the magnitude of velocities existing in the supply air stream. 
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Model Similarity Requirements 
The question of model similarity requirements for fluid 
jets inquires as to what are the conditions for the forms of 
flow of any fluid about geometrically similar boundaries to be 
themselves geometrically similar. This similarity is usually 
referred to as dynamic similarity. According to Pai (58, 
p. 74), if the Reynolds number for two flows of laminar jet 
mixing of an incompressible fluid are the same, the flows have 
dynamic similarity. This implies that in the problem of 
laminar jet mixing of an incompressible fluid, only the 
inertia and viscous forces are important. 
This same similarity requirement for free jets issuing 
from geometrically similar orifices was discussed by Rydberg 
and Norback (67). From the similarity considerations, it was 
shown that the mean velocity in equally located points of two 
similar jets will be proportional to the outlet velocity. Two 
points in different jets are equally located if x/d, y/d, and 
z/d are equal for both systems where x, y, and z are the 
system coordinates and d is the diameter of the jet inlet. 
Rydberg and Norback stated that the effect of Reynolds number 
in a free jet is usually so insignificant that it can be 
ignored. 
The Reynolds number criterion of similarity has also been 
used by other researchers in studies involving air jets. 
Collins and Tyler (18) used models designed on the basis of 
Reynolds number for studying the distribution of a tracer gas 
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in open-hearth furnaces working at room temperature. Turbu­
lent diffusion was produced by the momentum of gaseous jets 
entering the furnace through orifice ports. 
Lauer (45) used scale models for the reproduction of air 
flow patterns in an elementary classroom. Reynolds number was 
used for modeling the primary air streams. For the instance 
where temperature was held constant, the effects of viscosity 
were demonstrated to be negligible. 
Instrumentation and Experimental Techniques 
Various instruments have been employed by investigators 
for experimentally measuring the velocity distribution of jet 
air streams. Koestel (36) reported the use of three types 
of instruments, the thermal-anemometer, the bridled vane 
anemometer, and total-head impact tubes. The instrument most 
widely employed in jet investigations has been the impact 
tube. Descriptions of the use of impact tubes in the measure­
ment of velocity profiles in connection with ventilation jet 
investigations have been given by Albertson, et (2, 
p. 651), Ege and Silverman (23), and Alexander, et a2. (3, 
p. 44). 
According to Alexander, et a2. (3, p. 44), total-head 
impact tubes may be calibrated and interpreted according to 
the equation 
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where 
AP = total pressure head produced at the tube 
stagnation zone, 
Cg = an experimentally determined coefficient, 
p = mass density of fluid flowing, 
V = velocity vector averaged over the point of the 
impact tube. 
According to reported investigations, the value of does not 
vary from unity by more than ±0.1 percent at velocities vary­
ing from 1200 to 3600 feet per minute. In the range of 350 to 
1200 feet per minute, the coefficient does not differ from 
unity by more than ±1.0 percent. 
Barker (6) has given an explanation for values of 
below unity. At low velocities, impact tubes of small radius 
are influenced by a viscosity effect, which may be taken into 
account by the equation. 
Alexander, et (3, p. 45) have tabulated values computed 
from this relation for a tube radius of 0.05 inches and for 
viscosity of air at standard conditions. At a stream velocity 
AP 
pV2 
2 
where 
r 
fluid viscosity, 
internal radius of the impact tube. 
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of 240 feet per minute, the value for reduces to 0.971. 
An ideal impact tube measures the pressure at a point 
of stagnation in a flowing stream. Since the velocity at the 
point is zero, the impact tube measurements should be inde­
pendent of the direction it faces. This holds true assuming 
that a point of stagnation is independent of the orientation 
of the instrument producing the stagnation. But actual impact 
tubes do have directional characteristics. An experiment 
conducted by Alexander, et (3, p. 46) showed that up to an 
angle of about 15 degrees, the indicated pressure was sub­
stantially constant. Beyond that angle, the pressure 
decreased steadily. 
One additional problem arises with the use of an impact 
tube in connection with turbulent flow. Since in a turbulent 
stream the direction of flow fluctuates, the average angle of 
attack can be large enough to have an effect on the pressure 
readings, especially if the level of turbulence intensity is 
high. Corrsin (19) found that free jet velocity fluctuations 
correspond to an average angle of attack of about 12 degrees. 
Most investigators after using the total head impact tube 
have concluded that errors due to fluctuations in its angle of 
attack are not significant. Only the calibration coefficient 
is commonly needed for a correction of the impact tube measure­
ments. In the use of total head impact tubes in the turbulent 
flow field of a jet, the momentum flux densities, pW, are 
measured. If the mass density of the air is essentially 
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constant, the measurement is related directly to the value of 
, the sum of the average and fluctuating velocity components 
squared. 
Ventilation Requirements for Animal Housing 
To more precisely define the limits of the present 
investigation, several reports of previous research concerning 
animal ventilation requirements were reviewed. A general 
understanding of the ranges of air flow and velocity require­
ments for typical animal production buildings are necessary 
for proper selection of ranges for controlled variables in the 
study. 
In a discussion of new developments for livestock build­
ings, Mitchell (51) has given several recommended values for 
air flow and inlet requirements. He states that an air flow 
of 60 cfm per 1000-pound animal is sufficient for removing 
moisture. Each inlet should provide at least 60 square inches 
of area. The number of inlets needed is determined on the 
basis of one inlet for each four 1000-pound animals. A 
typical inlet design was described by Mitchell which directs 
the incoming air straight upward, discharging it against a 
flat surface at the ceiling. The inlet opening should be from 
12 to 15 inches below the ceiling. 
Walton and Sprague (89) pointed out that a common recom­
mendation for a forced-air ventilation system is one inlet of 
60 square inches for each 3-1/2 1000-pound animal units. 
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They further pointed out that this is the same recommendation 
made for the early gravitation systems of ventilation and is 
probably insufficient for present day mechanical systems. 
Ventilation rate expressed as cubic feet per minute per 
1000-pound animal may be computed on the basis of data and 
theoretical expressions presented in the American Society of 
Agricultural Engineers Yearbook (21). Graphs for predicting 
ventilation performance for daizry stables are also presented. 
The inlet area requirements may be predicted on the basis of 
the allowable pressure drop across the inlet and the air flow 
requirement. Suggested pressure differences across the walls 
of ventilated animal shelters range between 0.02 and 0.04 
inches of water. 
Richey, et (65) , have presented several types of 
inlet designs for forced air ventilation systems. For con­
ventional wall construction, they point out that continuous 
slots around the edges of floors or ceilings are often used 
to provide the required inlet area. Basic recommendations for 
ventilation requirements of cattle units are given as 60 
square inches of inlet area for every 3 cows, with placement 
of the inlets approximately 15 feet apart around the circum­
ference of the structure. 
Some of the difficulties in evaluating ventilation 
requirements based upon the heat-moisture balance have been 
discussed by Stapleton (78). It is suggested that for dairy 
stable ventilation under most conceivable conditions, 40 cfm 
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per cow will remove the moisture produced. 
Mitchell (50) has enumerated procedures for planning a 
ventilating system for dairy bams. He has shown that the air 
flow specifications must cover a range dependent on the out­
side temperature and the desired indoor temperature and 
moisture conditions. The ventilation system should provide 
capacity up to 250 cfm per cow and have provisions for damper-
ing the air output to 40 cfm or less per cow. He points out 
that such an arrangement makes it possible to have some air 
flow at all times and yet to avoid undesirable low temperatures. 
Basic data on hog house air conditioning and ventilation 
have been given by Bond, et (13). They accentuated the 
importance of ventilation and air flow rates in relation to 
evaporation heat losses from the animals. 
Bond and Peterson (14) have also listed ventilation 
requirements for hog housing. It is stated that ventilation 
systems for swine units should be capable of removing from 
4 to 6 pounds of moisture per day for each 100 to 300 pound 
hog. About 12 pounds of moisture must be removed per day for 
each sow with litter. 
The importance of air velocities within a ventilated 
space for swine production has been dealt with by Nave, et al. 
(53). Delivery of air to the vicinity of the animal by a 
pressure ventilating system was shown to have a significant 
influence on the dissipation of heat from the animals. Weight 
gains of pigs were shown to be influenced by the magnitude of 
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air velocities around the animals. 
The latter study was one of the few investigations pre­
sented in the literature concerning the magnitudes of air 
velocities in animal units. The greatest percentage of 
available studies of ventilation requirements for agricultural 
structures treat the subject only from the standpoint of 
volume of air flow required for an adequate heat-moisture 
balance. Little information is available relating to the 
dynamics of ventilation air flow and the requirements of air 
movement for proper control of the ventilation process. 
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THE INVESTIGATION 
Background 
The present investigation was conducted to achieve the 
primary objective, the verification of the use of scale models 
as a technique for predicting ventilating inlet characteris­
tics. Studies were specifically directed towards the air flow 
characteristics of a slotted ventilation inlet with the inlet 
jet issuing into an air chamber of finite dimensions at flow 
rates in a range common in agricultural usage. The slotted 
inlet configuration was selected because of its simplicity and 
ease of construction, its typical usage in ventilated animal 
housing, and because its two-dimensional air flow charac­
teristics lend themselves to both analytical and experimental 
analysis. However, the study should provide verification of 
the use of scale models for predicting characteristics of all 
inlet types, regardless of geometric configuration. 
Specific inlet characteristics considered in the model 
verification studies included 
(a) Inlet pressure drop 
(b) Jet air stream velocity profiles 
(c) Volume flow rate of the jet stream 
(d) Energy flux of the inlet jet. 
In addition to the model verification aspects, secondary 
objectives of the study were the comparison of experimentally 
measured values of the air flow characteristics for the test 
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inlets with the theoretically determined values for a free jet 
and the prediction of the inlet air flow characteristics as 
influenced by the geometric configuration of the inlet. 
Dimensional Analysis of a Slotted Inlet 
The first step in the design and investigation of a model 
for the fluid flow system of this study is the identification 
of those primary variables pertinent to the phenomenon. Once 
these variables are stipulated, dimensional analysis may be 
applied to form a suitable group of dimensionless quantities, 
or Pi terms. According to the Buckingham Pi Theorem, as 
elaborated by Langhaar (44) and Murphy (52) , the number of 
dimensionless and independent products that can be formed from 
a set of primary quantities is equal to the number of primary 
quantities minus the number of fundamental units in which the 
primary quantities are expressed. After the dimensionless 
quantities, or Pi terms, have been formed, the design require­
ments, operating conditions, and prediction equations for the 
model system may be determined according to the principles of 
similitude. 
Selection of pertinent variables 
An important and necessary task associated with the 
design of any valid model is to determine every variable which 
is significant to the behavior of the system. For the present 
inlet air flow problem, the variables are associated with the 
forces in the system, the system geometry, and the properties 
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of the fluid medium. Selection of the pertinent variables 
for the inlet system is based on a knowledge of the physical 
system developed from a study of the literature on the subject, 
and by a consideration of the available theoretical solutions 
for the phenomenon. 
The variables which are considered as being important to 
the physical system of a slotted ventilation inlet issuing 
air at a constant rate into an enclosed chamber include the 
following: 
1. PQ, the fluid pressure external to the chamber into 
which the ventilation jet is released, 
2. the pressure inside the ventilated chamber, 
3. V^, the maximum mean resultant velocity of the inlet 
air stream at the efflux section. For an inlet 
system in which air stream contraction and viscous 
effects are negligible, this velocity is represented 
by the average efflux velocity, the volume air flow 
divided by the area of the efflux section. 
4. , the mean resultant velocity of the inlet jet at 
any point in the air stream defined by the x and y 
coordinates, 
5. X, the distance from the inlet face or efflux section 
measured parallel to the centerline plane of the 
inlet, 
6. y, the perpendicular distance from the centerline 
plane of the jet, 
7. z, the coordinate direction measured parallel to the 
direction of the slot, 
8. d, the width, or thickness, of the inlet slot. 
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9. L, the length of the inlet slot, 
10. X^/ all other pertinent geometric variables relating 
to the inlet dimensions, 
11. r, the relative roughness of the inlet section. This 
roughness factor is dimensionless and is a function 
of the geometry of the inlet walls. 
12. h, the perpendicular distance from the inlet slot to 
the nearest confining surface or wall, 
13. all other pertinent geometric variables relating 
to the dimensions of the air chamber into which the 
jet is issuing, 
14. Xj, all pertinent geometric variables relating to the 
dimensions of the inlet air jet, 
15. p^, the mass density of the air outside the jet 
mixing chamber, 
16. pthe mass density of air inside the chamber, 
17. ]i^, the absolute viscosity of the outside air, 
18. the absolute viscosity of the chamber air, 
19. g, the acceleration due to gravity, 
20. e^, the exterior air temperature, 
21. 6^, the air temperature inside the chamber, 
22. k, the thermal conductivity of the air, 
23. c, the specific heat of the air. 
Assumptions concerning variables 
For the present investigation, several of the previously 
described variables may be either arranged in different form 
or eliminated from the analysis on the basis of assumptions to 
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be made for the experimental study. The dimensional analysis 
for the development of dimensionless products will then be 
made on the basis of the revised listing of pertinent vari­
ables. 
With reference to the pressure variables 1 and 2, a new 
pressure variable may be introduced to consider the effects 
of both of these variables. It is assumed that air flow 
through the inlet is produced only by the difference in 
pressure existing between the two air space regions of the 
inlet system. As in the form of the Bernoulli energy expres­
sion, shown by Equation 52, this pressure difference is 
designated by AP. Differences in pressure existing among 
various locations within the chamber can similarly be 
expressed as AP^. 
Since this study involves air flow from a slotted inlet, 
a two-dimensional flow system is assumed to exist throughout 
the fluid jet. Therefore variable 7, the z coordinate, is not 
important to the analysis under this assumption and the shape 
of the jet and flow conditions at any point along the length 
of the slot may be expected to be identical to those existing 
at all other points. The x and y coordinates are assumed to 
be sufficient to describe any point in the inlet system under 
study. Even though the length of the slot, variable 9, is a 
dimension in the z-direction, it is maintained as being 
pertinent because of possible variation from two-dimensional 
flow at certain sections of the slot. For example, the slot 
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end might display some influence on the air flow characteris­
tics of the inlet. 
The inclusion of variable 13, a geometric variable 
representing the characteristic dimensions of the air chamber, 
would have the effect of requiring the modeling of the chamber 
itself. The limitations of available testing facilities and 
the increase in complexity of the investigation this require­
ment would cause justifies disregarding this variable since it 
appears relatively unimportant to the inlet characteristics 
under investigation. It is expected, on the basis of previous 
research, that the finite dimensions of the air chamber have 
an appreciable influence on the jet structure. But it is 
anticipated that beyond a certain distance from the efflux 
section, any variation in magnitude of the chamber dimensions 
would not significantly alter the test results. On this 
basis, the geometry of the chamber is deleted from the listing 
of important variables. The only requirement is that the 
overall dimensions of the chamber should be of sufficient 
magnitude to allow the formation of the inlet jet structure 
throughout a significant portion of the zone of the jet mixing 
region. 
One of the geometric variables involved with the chamber 
dimensions which could exhibit an appreciable influence on the 
air flow characteristics is variable 12. It specifies the 
distance of the inlet slot from the nearest confining surface 
or wall and is expected to be of greater importance as the 
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distance to the wall is diminished. For the purposes of the 
initial experimental study of the modeled inlet, this variable 
is deleted and the inlets are maintained in a permanent mount­
ing positioiT upon the test chamber at a distance from the 
nearest confining wall assumed sufficient so that this 
variable is no longer of importance. 
Compressibility of the inlet air is considered to be 
negligible within the range of velocities to be studied. When 
estimating the variation of density with velocity, Pai (58, 
p. 4) has shown that air may be considered as an incompressible 
fluid, with a permissible variation of density of one percent, 
at velocities of less than 160 feet per second. Maximum 
velocities of approximately 70 feet per second are anticipated 
in this investigation, well within the range of essential 
fluid incompressibility. Since this study is only to be con­
cerned with isothermal flow in a two-dimensional jet, it is 
assumed for this analysis that temperature conditions of the 
jet and the chamber air can be maintained at an identical, 
constant value during all tests. If isothermal conditions are 
assumed for both the incoming jet air and the chamber air, 
the differences in mass density and viscosity due to differ­
ences in temperature from test to test or with time can be 
neglected. The properties of the air will then be considered 
as uniform for the prevailing test conditions of temperature 
and pressure. Variables 15 through 18 may thus be combined 
into two variables representing the mass density and the 
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absolute viscosity of the system air. 
The maintenance of isothermal conditions also eliminates 
the importance of buoyant forces in the system. Thus variable 
19, the acceleration due to gravity, need not be included in 
the list of variables. Since the inlet jet is surrounded by 
air of the same density, the flowing air stream is in equili­
brium with the buoyant force of the ambient air and not 
directly influenced by the action of gravity. Since heat 
transfer due to either conduction or convection would be non-
existant for constant temperature conditions, the heat flow 
properties of the fluid are also unimportant in this analysis. 
As a result of the assumption of isothermal air flow, 
variables 20 through 23 are also deleted from the listing of 
pertinent variables for use in the dimensional analysis of the 
inlet system. 
Formation of dimensionles s products 
The pertinent variables and their appropriate dimensions 
corresponding to a force-length-time system of dimensions are 
summarized in Table 1. These variables and their relationship 
to the inlet system are also represented diagrammatically in 
Figure 1. The dependent variables selected for this investiga­
tion are the pressure drop, AP, the airstream velocity, , 
and the geometric variables of the jet stream, X^. 
When considering the variables concerned with the inlet 
pressure drop, it is not necessary to include the variables 
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Table 1. Variables involved in inlet air flow 
No. Symbol Description 
Dimensional 
symbol 
1. AP Pressure drop across the inlet FL"2 
2. 
^o 
Maximum resultant velocity at 
inlet efflux section 
LT-l 
3. 
^xy Resultant velocity at any point in air stream defined by 
coordinates x and y 
LT-l 
4. x,y Coordinates to a point in the jet 
air stream from the centerline 
plane of the two-dimensional inlet 
L 
5. d Width of the inlet slot L 
6. L Length of the inlet slot L 
7. 
"i All other geometric variables 
relating to the inlet dimensions 
L 
8. r Relative roughness of the inlet -
9. All geometric variables relating 
to the air jet dimensions 
L 
10. p Mass density of the air 
11. p Absolute viscosity of the air FTL~2 
describing the jet air stream at the same time since these 
variables can be directly related to any characteristic 
velocity of the system, in this case, the efflux section 
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Figure 1. Diagram of inlet air flow system 
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velocity, V^. For the inlet pressure drop, the general 
relationship among the variables may be expressed as 
AP f1(fd,LfX^,r,p,p) . (39) 
According to the Buckingham theorem, five independent dimen­
sionless products may be formed since the eight pertinent 
variables are expressed by three basic dimensions. One 
possible set of dimensionless terms yields the relationship 
Similarly, when considering the velocity at any point in the 
jet stream, it is not necessary to include either of the other 
dependent variables since they are directly related to the 
characteristic velocity, V^. In the same respect, the rough­
ness factor r is not included since the magnitude of is 
determined considering the influence of the roughness charac­
teristics of the inlet. The general relationship for the 
velocity at any coordinate point in the jet stream is 
expressed as 
From this set of nine primary variables, one possible set of 
dimensionless terms forms the relationship 
(40) 
V 
xy f2(VQ,x,y,d,L,X^ , p ,u) . (41) 
V 
V 
xy 
o 
(42) 
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Considering the geometric properties of the jet stream, the 
general relationship among the variables may be expressed as 
Again, one possible set of dimensionless terms yields the 
relationship 
Development of design conditions 
Equations 40, 42, and 44 are equally valid for both 
prototype and model inlet systems, if all pertinent variables 
have been included in the analysis. In order to effectively 
reproduce a prototype system by a scale model, each dimension-
less product appearing in the functional relationship for the 
prototype must be set equal to the corresponding dimensionless 
term in the model relationship. This provides the design 
conditions which must be satisfied in order to obtain a model 
system. Since the same model system is to be used in this 
investigation for studying each of the three dependent varia­
bles, the design conditions resulting from each of the three 
functional relationships among dimensionless terms must be 
satisfied. The developed design conditions are presented in 
Table 2. The subscript m denotes the model system, while 
terms without subscripts represent the prototype system. The 
Xj = fs(V^,x,y,d,L,x^,p,u) . (43) 
h. 
d (44) 
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length scale, n, is defined by the relation, n = d/d^^. 
Table 2. Development of design conditions 
Basic equation Design condition 
1. (L/d)m = L/d II L/n 
2. X^/d (^i)m = 
3. 
4. (x/d)^ = x/d ^m = x/n 
5. (y/â)^ = y/d ^m = y/n 
6. m.- y,dp w II 0^ 
Design conditions 1 and 2 indicate the requirement of 
geometric similarity between model and prototype inlets in all 
respects. Since the inlet system is two-dimensional, the slot 
length scaling is not strictly required. As previously 
stated, the slot length is included as a pertinent variable 
only because of the possible influence of end effects, particu­
larly in relation to inlet pressure drop. For the analysis of 
stream velocities, relaxation of the length design requirement 
is possible since the characteristic velocity, V^, can be 
obtained by means of the volume flow rate continuity 
relationship or by direct measurement. 
The requirement of equivalent roughness in both model and 
prototype, design condition 3, implies that the surface 
geometry of the inlet material must be modeled according to 
the length scale. If the same material is to be used in both 
the model and prototype inlets, which is desirable in this 
investigation, this requirement cannot be strictly satisfied. 
The degree to which this neglect of the roughness criterion 
is important to the overall investigation must be determined 
experimentally. 
Requirements 4 and 5 simply indicate that with the condi­
tions of geometric similarity satisfied, coordinate positions 
in either the model or prototype air flow systems are related 
by the developed design relationship. Experimental measure­
ment positions within the jet stream must also be determined 
by design requirement 5 for the model and prototype studies. 
Design requirement 6 establishes the velocity scale, thus 
stating the conditions for dynamic similarity in model and 
prototype. The product, V^dp/y, referred to as the Reynolds 
number (RN), has been shown in the literature review to be of 
importance in insuring that the same condition of either 
turbulent or laminar flow exists within the model and proto­
type systems for a given set of test conditions. Examination 
of requirement 6 demonstrates that if the same fluid is used 
in both systems, such as in the present investigation with air 
at constant temperature, the design requirement reduces to the 
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velocity scale expressed as 
<'o>m = "'o • (45) 
Also, if the requirements for geometric similarity are satis­
fied, the design operating conditions for flow rate may be 
developed from the continuity relation 
Q = AV^ = LdV^ . (46) 
The volume flow rate scale resulting is given by the require­
ment 
= Q/n . (47) 
Prediction equations 
From the functional relationships 40, 42, and 44, the 
prediction equations for the three dependent variables may be 
developed. If the design conditions previously established 
for the model and prototype systems are satisfied, then 
according to similitude theory the dependent dimensionless 
terms for the systems may be equated. This forms the three 
prediction equations presented in Table 3. Subscripts are the 
same as previously defined for the design conditions. The 
development is based on the use of the same fluid in model 
and prototype and the velocity and length scales developed 
from the design conditions. 
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Table 3. Development of prediction equations 
Basic equation Prediction equation 
2 
3. 
1 AP 
m 
n^AP 
nV 
xy 
If no distortion of the model design conditions exists, 
or if the distorted design conditions do not significantly 
influence the inlet air flow phenomena, then the three pre­
diction equations developed should be valid for all geometri­
cally and dynamically similar systems. 
For purposes of verification of the adequate modeling of 
a prototype system, it is advantageous to use the relations 
equating the dimensionless dependent variables. In prediction 
equation 1, the product, AP/pV^^, is commonly referred to as 
the Euler number or Pressure Coefficient, PC. The latter term 
and letter designation will be used throughout this study in 
relation to this product. If valid modeling of the inlet 
system exists, the Pressure Coefficient for the prototype 
system and the model system should be equal under operating 
conditions satisfying the model design relations. 
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Thus, for geometrically similar systems, the relationship 
between the Pressure Coefficient and the Reynolds number 
should be identical. Likewise, the relationships of the 
velocity ratio and the Reynolds number or any of the 
geometric products, under the design conditions, should be 
similar. The procedure for determining these relationships 
for a modeled system and its prototype amounts to verification 
testing of the model and model design conditions. 
It may be noted from Equations 42 and 44 that the 
velocity ratio, V^^/V^, and the jet geometric variable term, 
Xj/d, are both functions of the same variable products. This 
implies that for geometrically and dynamically similar inlet 
systems, the geometry of the air jet will be similar. This 
fact will be used to extend the limits of the verification 
testing. For an inlet shape which produces a two-dimensional 
jet which is symmetric about the centerline plane of the inlet, 
the resulting similarity of the jet stream dimensions is not 
of major significance. However, if the inlet configuration 
produces a non-symmetric jet in which the distance from the 
inlet centerline plane to the maximum velocity in the jet 
varies with x coordinate, then this introduces a new geometric 
variable for use in verification of the jet modeling relation­
ships. The variable, is included in the analysis to take 
into consideration any geometric parameter of the jet velocity 
profiles. 
Other inlet jet characteristics which are functions of the 
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same primary variable may also be utilized in the experimental 
verification of the model system. In the theoretical treat­
ment presented in the following section, the relationships 
among the jet rate of flow, Q, the momentum flux, M, the 
energy flux, E, and the primary variables, V^, V^, L, and d, 
are discussed. The functional relationships among these 
variables follow directly from a consideration of the same 
primary variables as previously used for the dimensional 
analysis of the relationship for the velocity V^. These 
general relations are expressed as 
% = ' I ' I ' ^  I ' <«' 
and 
E /v dp T 
È; = ' 3 ' & ' 7I - <5°' 
From these expressions, the same design requirements are 
obtained as previously developed. Thus the ratios of flow 
rate, momentum flux, and energy flux for both prototype and 
model systems should also be identical for conditions of 
geometric and dynamic similarity. 
Application of Theory to a Slotted Inlet 
Inlet pressure drop 
The theory commonly applied to the analysis of orifices. 
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short ttibes, or nozzles may also be utilized for the analysis 
of more complex orifice configurations such as that of a 
Pressure drop across an inlet of a particular geometry may 
be described by an equation of the same form as the basic 
equation for standard orifice pressure drop, the only differ­
ence being in the values of flow coefficients used in the 
equations. 
For this analysis, no effect of enclosure of the jet 
issuing from the inlet is considered and the flowing jet is 
assumed to arise from a body of fluid of zero velocity. In 
addition, the inlet jet is again assumed to be surrounded by 
a fluid of the same density and of zero velocity. Since the 
flowing jet would be buoyed up by the surrounding fluid, it 
is not directly influenced by the action of gravity. 
For the special case of flow of an inviscid and incom­
pressible fluid through an inlet with no work done, the 
Bernoulli energy equation for steady flow may be written in 
the form 
slotted ventilation inlet, regardless of the inlet shape. 
Pi 
"w" ' 
(51) 
where 
p = static pressure at the inlet efflux cross-
section. 
V 
o 
average velocity at the efflux cross-section 
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Pi = Static pressure on the upstream face of the 
inlet. 
w specifies weight of the fluid 
g = acceleration of gravity. 
Since w/g = p. Equation 51 may be written in the form 
Pi - Po iP = fpvj (52) 
where AP represents the static pressure drop across the inlet. 
VQ in Equation 52 is an "ideal" velocity because of the 
assumed frictionless conditions. Because of friction losses 
in an actual inlet, the actual jet velocity is less than the 
ideal. In addition to friction losses, in a slotted inlet 
haying a shaped tubular section, changes in sections, or 
bends, energy losses are produced due to sudden reduction or 
enlargement of the air stream and separation and eddying flow 
within the inlet section. These losses further diminish the 
magnitude of the value of V . A coefficient may be introduced 
into Equation 52 to account for this velocity reduction. The 
ratio of the actual velocity to the ideal velocity is used 
for this reduction factor and is designated the coefficient 
of velocity, C^. Expressed in equation form this coefficient 
is given by 
C. 
V 
a (53) 
V 
where 
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V = actual average velocity at the inlet efflux 
section, 
= ideal average velocity at the efflux section. 
If Equation 52 is rearranged in the form of the dimension-
less pressure coefficient as developed by the previous 
dimensional analysis, the value of the pressure coefficient 
becomes 
I#? = & ' (54) 
Equation 54 represents the ideal velocity or frictionless form 
of the pressure coefficient where is replaced by V^. The 
pressure coefficient in terms of the actual velocity is 
obtained by combining Equations 53 and 54 to give 
AP 1 
p W 2C^ * (55) 
a 
may then be evaluated experimentally for any given inlet by 
dividing Equation 54 by Equation 55, with the pressure coeffi­
cients evaluated at the same values of AP and p. 
For a given inlet shape, it is possible that the fluid 
streamlines converge within the inlet tube and continue in 
converged form at the efflux section. This contraction of the 
fluid jet at the exit face of the inlet may also be taken into 
account by means of a flow coefficient. The ratio of the jet 
area at the efflux section to the efflux section area will be 
designated as the coefficient of contraction C^, for this 
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analysis. If A is the inlet cross-sectional area, the ideal 
rate of discharge, is expressed, according to the con­
tinuity relationship combined with Equation 52, as 
«1 = - (56) 
Friction and contraction may both be considered in the same 
equation to give for the actual discharge 
«a = 
where C^, the discharge coefficient, represents the product 
of and C^. For a given inlet configuration and flow condi­
tions, must be determined experimentally. 
Velocity distribution in a turbulent jet 
For the analysis of the mean velocity distribution in a 
two-dimensional inlet air stream, the primary variables 
influencing the flow system must again be considered. If the 
Reynolds number for flow from the efflux section of the inlet 
is sufficiently large to ensure the development of a turbulent 
jet, the resultant mean velocity, V, at any point in the jet 
depends only on the coordinates, x and y, the efflux velocity, 
V^, and the geometry of the specific inlet form. The com­
ponents of the vector velocity are related through the 
differential equation of continuity 
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3V 3Vz 
^ ^  3i~ " ° • (58) 
For two-dimensional flow from a narrow slot, the velocity in 
the z-direction is zero. 
As indicated in the literature review, numerous investi­
gators have based their studies of a turbulent plane jet on 
the assumption that the characteristics of mean flow in a 
turbulent jet should be dynamically similar under all condi­
tions. This allows every cross-section velocity distribution 
in the diffusion region to be characterized by the same 
velocity function. As previously determined by Reichardt (62) 
and verified by other investigators, experimental data tend to 
follow the normal probability function expressed as 
^ = exp(-Ç^) , (59) 
where 
= x-direction component of the mean velocity at 
a point in the jet. 
V = maximum velocity at the cross-section of 
max ... position X, 
y = perpendicular distance from the maximum 
velocity in a profile at position x to the 
velocity component V^, 
a = the standard deviation of the distribution, 
a paramenter describing the proportions of 
the velocity function. 
Equation 59 indicates that for a jet symmetric about its 
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centerline plane, the characteristics of the entire flow 
pattern may be expressed in terms of the parameters and a. 
Albertson, et (2, p. 642) have demonstrated that with 
the assumption of similarity of the velocity profiles, in con­
junction with the requirement of constancy of momentum flux, 
the condition of dynamic similarity requires simultaneously 
that at all cross sections, for any value of efflux velocity, 
^ = Constant . (60) 
This requirement implies that the jet will spread at a linear 
rate defined by a constant. On the basis of previous experi­
mental evidence, it is known that the pressure distribution in 
the zone of jet motion is essentially hydrostatic. Then the 
momentum flux must be constant for all normal sections of a 
given flow pattern. The momentum flux, M, may be expressed as 
the integral of the volume rate of flow, V^dA, times the 
longitudinal component of momentum per unit volume pV^. Then 
the ratio of M for any section to at the jet efflux section 
is given by 
M 
V^dA 
X 
° - = 1 , (61) 
where A^ represents the cross-sectional area of the jet at the 
inlet face. By means of Equations 59, 60, and 61, the charac­
teristics of the mean flow pattern may be determined 
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analytically for the assumed flow conditions. 
For flow from a long narrow slot, there exists a zone of 
flow establishment over a short distance from the efflux 
section in which the maximum efflux velocity, V^, remains 
essentially constant. A diagram of the zone of establishment 
showing the defined variables for this analysis is presented 
in Figure 2. It is possible to represent the distribution of 
across any normal section of the establishment zone by the 
two symmetrical halves of the probability curve joined by a 
constant velocity core. Using this fact, with the condition 
of Equation 59 and with V = V , the momentum-flux ratio of 
^ max o 
Equation 61 may be expressed in the form 
e dy 
o 
1 . (62) 
0 
If Z = 2 and dz = ^y, the integral takes the form 
2 
IT (63) 
0 
For the condition of Equation 60 that ^ = Cj, the relationship 
becomes 
X 1 o (64) d 
o 
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Figure 3. Definition diagram for zone of established flow 
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From the diagram of Figure 3, the boundary of the diffusion 
region may be expressed as 
If Equations 64 and 65 are combined with the probability func­
tion of Equation 59, the distribution function for in the 
zone of establishment takes the form 
V 
^ = exp 
(y + Ci/tT y -
2(Cix)2 
(66)  
The zone of flow establishment extends only for a small 
number of slot widths from the efflux section. After turbu­
lence has penetrated to the central plane of the jet, the zone 
of fully established flow is present. This zone of estab­
lished flow is depicted in Figure 3. The probability curve 
indicating the velocity distribution is continuous across each 
section. The ratio, 0%, indicates directly the rate of 
spread of the jet diffusion region. Evaluation of the 
momentum flux expression. Equation 61, in conjunction with the 
distribution function. Equation 59, results in the relation­
ship for the longitudinal velocity component V^, in the zone 
of established flow expressed as 
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V 
V 
X 
o ET#!!  ^
—1 zl 
2 (Cl) 2 x2 (67) 
The constant Cj is the same for both flow zones and must be 
evaluated by experimental measurements for a specific inlet 
system. 
Volume flux and energy flux 
The rate of flow or volume flux, Q, at successive normal 
sections of the inlet jet may be expressed as the integral of 
the differential flux over any normal cross-section. Q varies 
with the longitudinal distance from the inlet face x because 
of entrainment. The ratio of Q to the efflux volume rate 
may be expressed as 
When this equation is evaluated for the established flow zone 
together with use of Equations 59 and 60, the flow rate ratio 
becomes 
2 V^dA 
Q 
Q 
0 (68)  
o 
(69) 
The energy flux, E, of the inlet air flow system may be 
expressed as the integral of the volume flux, V^dA, times the 
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dV^ kinetic energy per unit volume, For any cross section of 
the inlet jet, the ratio of E to the efflux energy flux, E^, 
takes the form 
V^v^dA 
(70) 
If is approximately equal to V at any cross section, then 
Equation 70 may be evaluated to give the approximate value for 
the energy flux ratio as 
|- = / . (71) 
V SCi/iT X 
Velocity distribution for laminar flow 
It is expected that at low values of Reynolds number, the 
velocity distribution in the inlet jet could approach a 
laminar flow condition. In the laminar region, the velocity 
distribution will be a function of the Reynolds number, in 
addition to the geometric variables of the turbulent flow 
situation. The theoretical expression for in terms of the 
Reynolds number may be developed from the laminar flow expres­
sions developed by Bickley (10) which were presented earlier 
in the literature review. 
The laminar flow longitudinal component of velocity, V^, 
is given by the relation 
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1/3 
= 0.4543(^3 sech^Ç , (72) 
where 
Î = • (73) 
The term v represents the coefficient of kinematic viscosity. 
In these equations, the momentum flux at the efflux section, 
M^, is given by the expression 
«0 = "Vl • (74) 
Substitution of Equation 74 into Equations 72 and 73 gives 
d^v^ 1/3 
= 0.4543(-^) sechZg , (75) 
where 
^0^1,1/3 „ 
C = 0.2752(-2jH) ^ . (76) 
The value of sech^ç may be expressed in exponential form by 
the relation 
sech^Ç = . (77) 
^25 + 33-2* + I 
With the value of sech^ç = and with substitution for the 
®d 
V d 
terms of the Reynolds number, EN = —-—, Equations 75 and 76 
become 
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_ 0.4543/<^>^oV/^ , 
'o ' V == 
where 
J = 0.2752 ^ . (79) 
o 
Along the centerline of the jet axis for y = 0, the value of 
= 1 and Equation 77 may be written as 
= 0.4543 (RN) (80) 
for the distribution of maximum velocity in each velocity 
profile with distance x, from the inlet efflux section. 
Equation 80 allows the direct comparison of experimental data 
with the theoretical distribution for laminar flow. If 
laminar flow exists along the inlet jet plane of maximum 
velocity, the data should conform to the relationship of 
Equation 79 in terms of the velocity ratio, Reynolds number, 
d 
and the — ratio. 
Experimental Equipment 
The experimental phases of the investigation were con­
ducted in an enclosed air-conditioned laboratory equipped for 
temperature control. Experimental measurements were made for 
three test inlet sizes, the largest of the three being 
considered the prototype inlet. The inlets were mounted on a 
test air chamber located within the experimental laboratory. 
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Equipment in the investigation was required to measure static 
pressures in the test air chamber, the volume rate of air flow 
through the test inlets, and the mean velocity pressures or 
total pressures within the two-dimensional inlet jets over a 
range of air flows. 
Test inlets and air chamber 
In Figure 4, a drawing is presented showing the shape 
and dimensions of the prototype slotted inlet. The two scale 
models of the prototype inlet were constructed with length 
scales of n = d/dm of 2 and 4. Each of the two-dimensional 
slots of width 1-inch, 1/2-inch, and 1/4-inch and length to 
width aspect ratio of 40 to 1 were precision cut in the inlet 
face plate made from 1/2-inch, sanded, exterior grade plywood. 
Each inlet was then built up, according to scale, from addi­
tional thicknesses of plywood glued and nailed in place. Edge 
surfaces of the plywood forming the inlet tubular sections 
were sanded uniformly after fabrication producing a similar 
surface within the slot and tube for each inlet. 
A visual comparison of the three test inlets is given in 
Figure 5. The photograph shows the outside faces of the 
inlets, looking downward on the slot openings. In Figure 6, 
the prototype inlet is shown as it was mounted on the end of 
the test air chamber. The air chamber was constructed of 
3/4-inch plywood sheets with 2 inch by 2 inch longitudinal 
stiffening members nailed to each chamber surface at the edges 
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Figure 4. Prototype slotted inlet 
Figure 5. Visual comparison of prototype and model inlets 
Figure 6. Prototype inlet mounted in test position on air 
chamber 
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and in the center. The chamber measured nominally 8 feet in 
length^ 4 feet in height, and 4 feet in width. The chamber 
joints were fabricated with both bolts and nails, and each 
joint sealed against air leakage with caulking compound. 
Provision was made at one end of the chamber for bolt-mounting 
of the test inlets at a position located in the center of the 
vertical height of the interior of the chamber. In addition 
to the inlet mounting, a removable end plate above the inlet 
was provided to allow access to the interior of the chamber 
while an inlet was fastened in place. Pressure sensitive tape 
was used for further closing of all permanently fastened 
joints of the chamber. Standard paper masking tape was used 
to seal all cracks around both the removable end plate and 
each mounted inlet before a test was conducted. 
Experimental air flow system 
Air flow through the test inlets was produced by exhaust­
ing air from the test chamber with a centrifugal blower. 
Exhaust air passed through a rounded outlet and metal duct 
mounted in the end of the chamber opposite from the inlet 
mounting end. The six inch diameter exhaust duct extended 
through the laboratory wall and to the exhaust blower posi­
tioned outside of the laboratory structure. Exhausted air was 
released outside the building into the open atmosphere. Air 
flowing into the inlets arrived at the inlet faces directly 
from the temperature controlled air space inside the laboratory. 
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Make-up air entered the building as required through a separ­
ate mixing chamber inside the laboratory where the air could 
be established at the controlled ambient temperature of the 
room air. 
A vertical baffling device and control valve was mounted 
in the exhaust duct just before its exit from the laboratory. 
This valve provided for the control of volume rate of air flow 
through the system by permitting additional air to be 
exhausted from the laboratozry atmosphere through the valve, 
or by shutting off the flow of air through the exhaust duct. 
The system permitted variation of the air flow rate from zero 
air flow to the maximum output of the blower for the installa­
tion. 
Also mounted in the exhaust duct was a standard orifice 
meter for quantitatively measuring the volume air flow rate 
through the mounted test inlets. Figure 7 shows the orifice 
meter as mounted in the exhaust duct in addition to the 
previously described volume control valve. The meter con­
sisted of a manufactured rolled-angle orifice flange for 
installation on sheet metal pipe with standard 1/4 inch flange 
taps. Precision bored orifice plates designed and calibrated 
by the manufacturer were available for three different ranges 
of air flow, from 0 to 30 cfm, 30 to 100 cfm, and 100 to 300 
cfm. The orifice plates were bored for use with an inclined-
type manometer, used in conjunction with the flow meter, 
having a maximum range of two inches of water pressure 
Figure 7. View of exhaust duct from the air chamber showing 
orifice meter and flow rate control valve 
Figure 8. Manometers, pressure tubes, and manifolds used for 
measuring static and velocity pressures in experi­
mental system 
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differential. The manometer had scale graduations which could 
be read to the nearest one-hundredth inch of water pressure 
differential. 
Pressure measuring equipment 
Figure 8 shows the inclined manometer used for the 
measurement of orifice flow pressures and for the system 
static pressures. Also shown is the iciicromanometer used for 
both static and dynamic pressures in the experimental air 
flow system. The micromanometer was a null-balance type 
instrument which permitted all pressure readings to be made 
at a zero reference point. Readings could be made directly 
to 0.001 inches of water pressure in a range up to 10-inches 
of water. A magnifier was available for locating the meniscus 
of the low surface tension indicating fluid at the null bal­
ance position. 
In Figure 8, the pressure line manifolds for the measur­
ing system are also shown. The manifolds allowed reading of 
both static and dynamic pressures at twelve different loca­
tions without removing the manometers from the pressure 
measuring system. Screw-type hose clamps were used for closing 
pressure tubes not in use. 
Static pressure taps were installed at twelve locations 
around the longitudinal centerline axis of the test air 
chamber. Each pressure tap was mounted flush with the interior 
surface of the plywood chamber. Plastic manometer tubing of 
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3/16-inch diameter was used to connect each of the pressure 
fittings to the txjbe manifolds mounted near the manometers. 
The equipment used for measuring the velocities in the 
inlet jets is shown in Figures 9 and 10. Velocities were 
determined by means of dynamic or total-head impact tubes 
mounted on a traversing apparatus which permitted measurement 
of the position of the impact probes relative to the discharge 
inlets. Figure 9 shows a close-up view of the impact tubes 
mounted on the positioning device. A series of twelve tubes 
were mounted in the positioning bar through precision drilled 
holes spaced at 1/4-inch intervals. The total-head impact 
tubes were made from No. 16 stainless steel hypodermic-needle 
tubing having an outside diameter of 0.065 inches and an 
inside diameter of 0.050 inches. Each tube was cut at twelve 
inches in length by the manufacturer and constructed with a 
special hub to receive the plastic manometer tubing. The 
impact ends of each tube were chamfered and squared during 
manufacture to remove burrs from the sharpened needle-like 
edges. 
The positioning apparatus to which the impact tube bar 
was mounted is shown in Figure 10. Velocity traversing in two 
dimensions, vertically and along the longitudinal axis of the 
jet, was possible with the mechanism. The positioning device 
was mounted on two rails made of one-half inch rack gears. 
Spur gears attached to -the positioning device acted as wheels 
for carrying the mechanism along the longitudinal axis of the 
Figure 9. Impact tubes mounted on positioning bar 
Figure 10. Impact tube positioning apparatus mounted 
chamber 
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air chamber. Tight meshing of the gears provided proper 
alignment of the device within the chamber. A positioning rod 
extended from the device to the outside of the chamber allow­
ing placement of the impact tubes at any prescribed distance 
from the inlet face over a range of three feet. The rod 
passed through a circular opening in the exhaust end of the 
chamber. The opening around the rod was sealed by means of 
rubber seals compressed in a threaded pipe fitting. This 
fitting was tightened following each relocation of the posi­
tioning device within the chamber. 
The impact tube bar could be adjusted vertically by means 
of a clamp attaching the bar to a vertical rod on the position­
ing device. In addition, precise vertical placement of the 
impact tubes in the air stream was made possible by means of a 
mounting bracket which could be moved vertically by a spring-
loaded turning nut having bearing against the mounting bracket. 
The vertical rod along which the bracket moved held a micro­
meter dial to measure the vertical distance through which the 
bracket carrying the impact tube was moved. 
Impact pressure manometer tubes were attached to each of 
the twelve probes. The tubing then passed through the exhaust 
end wall of the chamber to the manometer manifold. Length of 
tubing was sufficient to permit some coiling within the 
chamber during longitudinal placement of the positioning 
apparatus. Exit of the tubing from the chamber was made 
through a six inch long U-shaped fitting made from two inch 
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diameter pipe. Air leakage around the tubing was prevented 
by filling the pipe fitting with a heavy oil. Each of the 
pressure tubes coming from the chamber was numbered according 
to the vertical position of the appropriate impact probe in 
the jet air stream so that proper identification of the 
pressure lines could be made after the chamber was completely 
sealed. 
Test Procedures 
For each test of the investigation, one of the three 
model inlets was bolt-mounted onto the test air chamber. 
Identical mounting practice was followed in all cases. As 
each inlet was mounted and the chamber end plate secured into 
position, special care was taken to seal all seams against 
air leakage. 
With an inlet in place and ready for testing, the exhaust 
fan was started and adjusted for the highest test values of 
volume air flow through the system and static-pressure 
difference across the inlet. Inlet air flow was then decreased 
to the minimum test value with necessary pressure readings 
made over the entire range. Only a limited range of air flow 
was possible with a single size orifice, so the three avail­
able orifice plates were interchanged in the flow line as 
required for the specific flow range under consideration. 
Selection of ranges of variables 
In the Review of Literature, a discussion of the ranges 
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of air flow and velocity requirements for animal production 
buildings has been presented. Based upon this information, 
a normal air flow rate for the prototype slotted inlet which 
satisfies the general requirements for adequate moisture and 
contaminant removal would be in the range from 140 to 160 cfm. 
Extreme conditions of contaminant release in a ventilated 
structure would require air flows greater than this range. 
For this reason, the maximum air flow design requirement for 
the prototype inlet was extended to a value of 300 cfm in this 
investigation. The selection of the exhaust fan for the 
experimental system also was based upon this higher flow rate. 
Table 4 presents the design requirements of the test system 
in terms of the maximum values of the flow rate and velocity 
variables and based upon the previously developed model design 
requirements presented in Table 2. The velocity values repre­
sent the average efflux velocities from the inlet computed 
from the continuity relation, = Q/A, where A represents the 
area of the inlet efflux section. 
Table 4. Maximum air flow design values 
Length Scale Air Flow, Q Inlet Velocity, V 
n = d/dm cfm. Ft./min. 
1 
2 
4 
300 
150 
75 
1080. 
2160 
4320 
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For both the prototype and the model of length scale 2, 
air flow rates in excess of the design values were readily 
attained during the experimentation. However, for the model 
of length scale 4, the higher total system pressure losses 
prevented the exhaust blower from delivering the design flow 
rate. Since the maximum delivered air flow through this 
smallest scale inlet did exceed the scaled flow rate compara­
ble to the prototype air flow of 150 cfm, a value within the 
range of adequate ventilation, no effort was made to increase 
the capacity of the exhaust system for this inlet. 
A value of approximately 10 cfm was the lowest magnitude 
of air flow utilized for the tests on the model inlets. Below 
this flow level, static and dynamic pressures in the experi­
mental system could not be satisfactorily measured with the 
available manometers. In addition, the orifice meter was not 
sufficiently accurate below a rate of 10 cfm to justify 
measurements of air flow lower than this value. 
System static pressures 
An initial experimental study conducted to measure static 
pressure variation in the test air chamber for various air 
flow rates demonstrated that any pressure difference within 
the chamber was of such a low magnitude as to be immeasurable 
with the experimental equipment. With each test inlet mounted 
in position at the centerline plane of the chamber, no varia­
tion in static pressure could be detected among the twelve 
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static pressure taps of the system. Therefore, only a single 
pressure tap, located on the top of the chamber near the inlet 
end and directly above the inlet opening, was used for the 
measurement of static pressure differences across the test 
inlets. For these inlet pressure drop determinations, the 
high pressure side of the micromanometer was opened to the 
laboratory atmosphere, while the low pressure side was con­
nected to the chamber pressure tap. Static pressure readings 
were then made over the entire range of test air flows for 
each of the three inlets. 
Velocity traversing 
Velocity profiles in terms of the velocity head impact 
pressures were obtained for each of the test inlets at various 
longitudinal positions in the jet stream. At the beginning of 
each test for measuring velocity pressures, the impact tube 
spacing bar was located vertically in front of the inlet slot, 
with one of the interior probes positioned exactly on the 
centerline axis of. the slot by means of the micrometer dial 
vertical positioning device. The initial test position placed 
the ends of the impact probes against the face of inlet. At 
this zero distance position, only the needles located within 
the slot diameter were actually being used for the pressure 
measurements. As the positioning device was moved longi­
tudinally away from the inlet face, more of the tubes engaged 
the expanding air stream. 
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Traverses for the velocity pressure distribution were 
made at 0, 1/4, 1/2, 1, 2, 3, 4, 6, 8, 12, 18, and 24 inch 
distances from the inlet face for each of the model inlets. 
For each of these locations, impact tube spacing was main­
tained at one-fourth of an inch. Vertical distance locations 
for each probe were made with reference to the probe stationed 
at the slot centerline. At various times during the testing, 
it was necessary to adjust the impact tube spacing bar verti­
cally to maintain the greatest possible number of the twelve 
impact probes in the air stream. Each time that a vertical 
adjustment of the tubes was made, one or more of the tubes was 
located to overlap the previous position of the spacing bar to 
provide a check on the maintenance of the proper vertical 
spacing. 
At each traverse location, velocity pressures were 
measured over the entire range of test air flows. In addition 
to the velocity profiles, the maximum efflux velocity at the 
face of each inlet, or zero position, was measured. The 
centerline probe was adjusted in each case in steps of one-
sixteenth of an inch over the slot diameter in order to 
determine the location of this maximum velocity pressure. 
Additional data obtained during the velocity traverse 
experiments included observations of barometric pressure, 
ambient air temperature, and relative humidity. Observations 
of the temperature within the chamber during testing were also 
made. No essential difference between the temperature of the 
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chamber air and the surrounding air in the laboratory could 
be detected. Ambient air was maintained at 70 degrees 
Fahrenheit, with measured fluctuations of less than two 
degrees occurring during the test periods. 
Evaluation of testing methods 
The technique employed in this investigation for obtain­
ing velocity profiles throughout the inlet air streams made 
it possible to formulate velocity data for many points in the 
system with a minimum of positioning of equipment within the 
sealed chamber. Many profiles could be obtained using the 
impact tubes in the same vertical position. This was espe­
cially advantageous in this investigation which required the 
maintenance of a sealed chamber. 
Some difficulty was encountered with a slight shifting 
of the traversing equipment during some of the test runs which 
necessitated the retaking of experimental measurements. 
However, the ease of duplication of experimental data for any 
traverse location indicated that this shifting was neither 
common nor serious. The arrangement of impact tubes on a 
stationary bar inside the chamber was less than ideal for 
making a thorough investigation in the region of jet flow 
establishment a few diameters from the inlet face because only 
one or two pressure measurements could be made. However in 
the region of established flow, sufficient probe readings were 
obtained to generally describe the velocity profiles. Since 
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the established flow region is the more important one for this 
investigation, this limitation was not considered serious. 
The impact tubes of this investigation were positioned 
parallel to the centerline plane of the inlet for each of the 
velocity traverses. Thus, directional characteristics of the 
tubes were not taken into account. For a small angle of 
incidence, as exists in the principal portions of the inlet 
air stream, the tubes are not subject to significant error. 
Since the impact tubes measure the pressure at a region of 
stagnation in the flowing stream, the velocity pressure values 
represent the average velocity pressure over the diameter of 
the impact needle. For this reason, the needle diameters 
should also have been modeled to achieve perfect similarity in 
velocity measurements. However, the use of needles of smaller 
diameter than those of this study would require a considera­
tion of the influence of viscous effects. The failure to 
model the needle diameters would not be of great importance 
except in regions of sharp increase or decrease in velocity 
pressure. 
For this investigation, the impact tube readings were 
interpreted according to previously described relation. 
Equation 37. A coefficient of unity was used since this was 
demonstrated to be appropriate for the range of velocities of 
this study by previous investigators. 
The air flow system utilized for this investigation was 
adequate for all tests with the exception of the higher flow 
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rates. At the test air flows of approximately 300 cfm, 
"starving" of the inlet of make-up air occurred to a certain 
degree. This resulted in difficulty in maintaining a constant 
flow rate through the inlet over an extended period of time. 
By stopping the exhaust system and allowing the laboratory 
atmosphere to stabilize after a short period of testing, the 
high flow rate tests were completed. For extended periods of 
testing at the higher flow rates, an additional source of 
make-up air into the laboratory atmosphere is indicated as 
necessary to attain stable operating conditions. 
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ANALYSIS OF RESULTS 
Studies of Inlet Pressure Drop 
Air flow-static pressure relations 
The initial phase of the analysis of experimental results 
concerned the verification of the use of the two model inlet 
systems to predict the pressure drop characteristics of the 
prototype inlet. Since the primary quantities measured during 
the investigation of pressure difference were volume air flow 
through each inlet and the static pressure drop across the 
inlets, the relationship between these variables was examined 
prior to proceeding to the model verification test results. 
The experimental data from the static pressure tests are 
presented graphically in Figure 11a. All computed values for 
these relationships and the pressure drop dimensionless 
relationships to follow are given in Appendix A. In Figure 
11a, the logarithms of the experimental data are shown to form 
approximately linear relations. The geometric slope of each 
regression line, representing the exponent of the pressure 
drop variable, should have a value of one-half if the experi­
mental relations have the same form as Equation 57, the 
theoretical expression for the air flow-static pressure 
relationship. Actually, the slopes of the data for the inlets 
of scale factor, n, of 2 and 4 are greater than the theoreti­
cal value. In Figure 11a, the regression lines were formed by 
a least-squares regression analysis of all experimental data 
Figure lia. Air flow-static pressure 
relationships for test 
inlets, regression of all 
data 
Figure lib. Air flow-static pressure 
relationships for test 
inlets, regression of ten 
largest data values 
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points. If the largest ten values of air flow and static 
pressure are used as data for the regression analysis, the 
slopes obtained for the scale factor of 2 and 4 relations are 
more nearly equal to the theoretical value of one-half. The 
regression lines developed using the largest ten data values 
are shown in Figure lib. The departure from linearity at the 
lower ranges of the data for the n = 2 and n = 4 relations is 
indicated by the plotted points. This same downward turning 
of the air flow-static pressure curves at low air flow ranges 
was obtained by Walton and Sprague (89, p. 204) in their study 
of two-dimensional inlets. Examination of the experimental 
curves shows that the non-linearity of data begins at an air 
flow value of approximately 25-30 cfm. on the logarithmic 
scale. It appears that at air flow values below this magni­
tude, the air flow-static pressure drop relations no longer 
have the form of the square-root relation of Equation 57. 
In Table 5, a comparison of slopes obtained from the 
regression analysis of data presented in Figures 11a and lib 
is given. For the prototype inlet of scale factor 1, the 
slope of approximately one-half is essentially the same 
throughout the range of data. The slope of the scale factor 2 
model is shown to be nearly one-half over the range of the 
upper ten data values. Even though the slope of the scale 
factor 4 relation does not give the one-half value, the data 
suggests that it would approach this value if the range of air 
flows were extended to a higher level. 
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Table 5. Slopes of air flow-static pressure curves for test 
inlets 
Scale Slope, regression Slope, regression of 
Factor, n of all data largest 10 data values 
1 0.503 0.507 
2 0.523 0.498 
4 0.564 0.536 
Variation of pressure coefficient with Reynolds number 
For the verification of the use of the model inlets for 
predicting static pressure differences across the prototype 
inlet, the air flow and static pressure data were reduced to 
the form of the dimensionless products, pressure coefficient 
and Reynolds number. The computed product values are pre­
sented in Appendix A. The width of the inlet slot was used 
for the geometric term of the Reynolds number. In the data 
reduction, constant values for the air viscosity and mass 
density were selected based on the constant temperature of the 
test air system. Variation of these fluid properties with 
atmospheric pressure and humidity fluctuations was not con­
sidered since measurements of the latter ambient conditions 
demonstrated that no appreciable changes occurred during the 
testing operations. 
Figure 12a shows the variation of the pressure coeffi­
cient with Reynolds number. Both of these dimensionless terms 
Figure 12a. 
Variation of pressure 
coefficient with 
Reynolds number based 
on computed efflux 
velocity 
Figure 12b. 
Variation of pressure 
coefficient with 
Reynolds number, turbu­
lent flow range 
Figure 12c. 
Variation of pressure 
coefficient with 
Reynolds number, 
laminar flow range 
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were based on the velocity at the inlet efflux section com­
puted from the continuity relation, V = Q/A. This velocity is 
designated V(C) for this analysis and the dimensionless vari­
ables designated by PC(C) and RN(C). The graph of Figure 12a 
indicates that for the inlet systems, over a portion of the 
range of the data, the pressure coefficient is independent of 
the Reynolds number with AP/pV(C)^ equal to a constant. At 
low Reynolds number values, less than approximately 4000 based 
on the computed efflux velocity, the models of scale factor 2 
and 4 show that the pressure coefficient increases with 
decreasing Reynolds number. This result, in conjunction with 
the departure from linearity of the air flow data at low air 
flow as shown in Figure lib, indicates that a laminar flow con­
dition is produced in the inlet flow system at a Reynolds num­
ber of approximately 4000. Below this value, viscous effects 
become increasingly important in determining the magnitude of 
pressure drop across the inlet. Above this Reynolds number, 
the flow is essentially turbulent and the pressure coefficient 
remains constant. The two ranges of the experimental data are 
presented in Figure 12b and 12c. The slopes of the linear 
regression equations for the two curves of Figure 12c are 
both approximately -0.3, indicating that an identical func­
tional relationship describes the variation with Reynolds 
number in this region, with the exception of the intercept 
constant. Because of the low air flows and static pressures 
of this data range, the laminar flow situation could not be 
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studied conclusively with the experimental equipment of this 
investigation. For this reason, the data in the range of 
laminar flow are limited and subject to greater experimental 
error. No data in this range could be obtained for the proto­
type inlet because of the low levels of pressures involved 
which demonstrates one practical reason for utilizing a model 
system for an inlet investigation at low Reynolds number. 
It was previously demonstrated in the dimensional 
analysis of the inlet variables that for geometrically similar 
systems, the relationship between the pressure coefficient and 
the Reynolds number should be identical. This implies that 
if the inlet systems of this study were adequately modeled, 
the experimental data for each model in Figure 12a should fall 
on the same line describing the functional relationship for 
the prototype system. This is nearly true for the scale 
factor 2 model, but for the scale factor 4 inlet, a discrep­
ancy is apparent and the model does not satisfactorily predict 
the prototype results. 
Three possible explanations for this discrepancy in 
results appear to be feasible. First, all pertinent variables 
may not have been included in the list of variables describing 
the physical system. Second, geometric distortion of the 
inlet system could exist in some manner. If this is the case, 
the model system of scale factor 4 by construction is not a 
true model of the system and some pertinent geometric variable 
has not been scaled according to the n = 4 design condition. 
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The third possibility for explaining the discrepancy is that 
the air velocity design condition is not properly reflected 
in the data of Figure 12a, This condition could result if 
the air flow measuring system for any of the three inlet 
systems were appreciably in error. 
The third possibility may be eliminated by an examina­
tion of the three inlet flow curves of Figure 11a. Each of 
the three experimental orifice plates used to measure air flow 
was used over a portion of the flow range of at least two of 
the inlet systems. If an error should exist in the calibra­
tion of the orifice plates, an abrupt discontinuity would 
appear in at least one of the curves of Figure 11a. As a 
further check on the validity of each orifice plate calibra­
tion, a calibration curve was developed for the air flow 
measuring system. Since imprecision of the flow meter at low 
flows was considered more possible, the calibration covered 
the low flow range. This calibration curve is presented in 
Appendix B. Each of the tests of the three orifice plates 
results in air flow variation of the same magnitude with meas­
ured values of system static pressure difference. 
The fact that the inlet of scale factor 2 reasonably pre­
dicts the prototype pressure drop relationship indicates that 
the list of pertinent variables for the investigation was 
complete, although this is not necessarily true since it is 
possible that a variable not considered could become important 
to the phenomena when the scale of the model reaches a certain 
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magnitude. In some fluid flow problems, such a variable may 
be the fluid surface tension, but this fluid property is not 
important in this study which involves no free fluid surface 
and uses air as the working fluid. 
The possibility of unintentional geometric distortion, 
especially with the small scale model of n = 4, appears to be 
the most probable explanation for the verification test dis­
crepancy. The nature of this distortion may be explained by 
further consideration of the air flow-static pressure data. 
For the relationship of Figures 12a, 12b, and 12c, the com­
puted efflux velocity, V(C), was used for the computation of 
Reynolds number and pressure coefficient. But on the basis of 
the dimensional analysis of the inlet flow systems, any 
characteristic velocity may be used in the computation of the 
dimensionless products and again, if the systems are geometri­
cally similar, an identical functional relation should be 
obtained for each inlet. On this basis, the maximum efflux 
velocities, V(M), measured at the face of each inlet were used 
in the computation of the dimensionless terms. This relation­
ship of the pressure coefficient with Reynolds number is shown 
in the graph of Figure 13a. Again, the pressure coefficient 
remains essentially constant with increasing values of 
Reynolds number. However, the most important aspect of Figure 
13a is that the computed pressure coefficient values for each 
test inlet tend to fall about the same line representing the 
constant value. Based upon the measured efflux velocities. 
Figure 13a. Relationship of pressure 
coefficient with Reynolds 
number based on measured 
efflux velocity 
Figure 13b. Ratio of computed efflux 
velocity to measured 
efflux velocity as a 
function of Reynolds 
number 
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the two models appear to reasonably predict the prototype 
inlet pressure drop and further evidence is provided that all 
of the pertinent variables have been included in analysis of 
the inlet flow system. Also, the neglect of surface roughness 
as an important variable to be modeled by the use of the same 
material in model and prototype appears to be valid. If 
distortion of the equivalent roughness requirement were highly 
influencing in the pressure drop of the system, the data of 
Figure 13a would not form the resulting linear relationship. 
Determination of flow coefficients 
Since V(M) used in the computation of the pressure 
coefficient represents the actual velocity issuing from the 
inlet, the data of Figure 13a may be used for determining the 
experimental value of the velocity coefficient, C^, as defined 
by Equation 53. It was previously shown in the theoretical 
development that the ratio of the ideal flow pressure coeffi­
cient to the actual pressure coefficient, evaluated at the 
same values of AP and p, gives the value of C^. Since 
AP/pV(M)2 is essentially constant with Reynolds number, the 
mean value of pressure coefficient data may be used for each 
inlet evaluation. 
In Figure 13b, the velocity ratio, V(C)/V(M) is plotted 
against the Reynolds number, RN(M). The results again demon­
strate the discrepancy existing in the model system of scale 
factor 4. The data of Figure 13b also may be used to determine 
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the contraction coefficient of the test inlets. During the 
measurement of the actual maximum inlet velocities, V(M), it 
was observed that definite contraction of the jet stream 
existed at the efflux section of each inlet. The experimental 
system did not permit the actual measurement of the jet width 
for a direct computation of the extent of contraction. The 
expression for the contraction coefficient as defined by the 
ratio of the jet area at the efflux section to the efflux 
section area, A(M)/A, may be determined from the continuity 
relation, 
Q(M) = C^C^VA (80) 
combined with the relationship for the computed velocity of 
this study, 
Q(M) = V(C)-A. (81) 
With use of the expression, = V(M)/V, Equations 80 and 81 
will provide the expression for the contraction coefficient as 
= V(C)/V(M) , (82) 
which is identical to the velocity ratio plotted in Figure 13b. 
A check on the evaluation is furnished by an analysis of 
the air flow-static pressure relations of Figure lib. If the 
square root relationship is used for each of the curves, the 
value of the discharge coefficient for each test inlet may be 
obtained with use of the expression for air flow given by 
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Equation 57. The product then should be approximately 
equal to C^. The comparison of these experimentally deter­
mined coefficients is given in Table 6. 
Table 6. Experimentally determined values of velocity, 
contraction, and discharge coefficients 
Scale 
factor, 
n 
Velocity 
coefficient, 
(from data. 
Figure 13a) 
Contraction 
coefficient,C 
(from data. 
Figure 13b) Vc 
(from data. 
Figure lib) 
1 
2 
4 
0.903 
0.920 
0.915 
0.591 
0.597 
0.757 
0.534 0.538 
0.549 0.552 
0.692 0.698 
From the compilation of Table 6, the mean values of 
and based upon all plotted data were used. The close 
agreement between the values of and indicates that the 
values of the coefficients are substantially correct. The 
values reflect the frictional losses in the test inlets and 
are of the same general magnitude in each. The values are 
an index of the influence of the geometric shape of the inlet. 
Thus, the distortion present in the scale factor 4 model is 
described quantitatively. For the studies of the inlet jet 
streams to follow, the distortion of the inlets will be taken 
into account by these experimental values of the contraction 
coefficient. 
133 
Air Stream Velocity Profiles 
Reduction of data 
Measured data obtained during the investigation of the 
inlet jet air stream were in the form of resultant velocities 
for each coordinate position in the jet pattern. The position 
coordinates were described in terms of the horizontal distance 
from the inlet face, X, and the vertical distance from the 
centerline plane of the inlet, Y, with the upward direction 
taken as positive, downward as negative. The previous dimen­
sional analysis of the variables influencing the formation of 
the inlet jet stream showed that for geometrically similar 
inlet systems, the ratios of the velocity at any point in the 
jet to the maximum jet velocity at the efflux section should 
have the same functional relationship with the Reynolds number 
describing the flow. This should also hold true for the 
geometric dimensionless products that describe the flow 
pattern. The experimental velocity data were reduced to the 
velocity ratio form of V{XY)/V(M), therefore, to determine the 
validity of the model inlet systems for predicting the proto­
type velocity profiles. 
Because of the possible existence of a laminar flow 
situation at low Reynolds number values, as indicated by the 
pressure studies, only velocity data obtained for Reynolds 
number greater than 4500 were used in the analysis. Essen­
tially turbulent jet conditions should prevail above this 
value of Reynolds number based on the inlet slot width and the 
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measured efflux velocity, V(M) . The arithmetic means of the 
velocity ratios for nine levels of Reynolds number were 
determined for the analysis. A least squares regression 
analysis also was made on the velocity ratios of each profile 
as a function of Reynolds number. Computed data and the 
results of the regression analysis are presented in Appendix C 
for each test inlet. 
For the majority of points of velocity measurement in 
the inlet jet systems, the variation of the velocity ratio, 
V(XY)/V(M), with Reynolds number was not considered sufficient 
to necessitate the inclusion of this latter dimensionless 
variable in the model analysis. Therefore, the arithmetic 
means of the velocity ratios were used as the best estimates 
of velocity ratio at each test location in the inlet air 
streams. 
Model and prototype velocity patterns 
If the velocity ratio is considered to be essentially 
independent of Reynolds number and if the distortion of the 
models encountered in the previous studies of pressure is 
neglected, the relationship of the velocity ratio to the 
geometry of the system for each model may be compared directly-
For geometric similarity in all respects, the variation of 
V(XY)/V(M) with y/D should be identical for each value of the 
geometric ratio X/D. This comparison of the relation for each 
inlet is made for four different values of X/D in the graphs 
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of Figures 14a, 14b, 14c, and 14d. In Figures 14a and 14b, 
practically the same velocity patterns are indicated for each 
inlet. However the scale factor 4 model system produces some­
what higher magnitudes of the velocity ratios. At the higher 
values of X/D in Figures 14c and 14d, the scale factor 4 model 
again predicts higher velocity values. In addition, the Y/D 
location for the peak velocity occurs at a different value. 
No data are available for the prototype inlet at the X/D 
values of 24 and 48 because of the immeasurably low velocities 
in the large inlet air stream for this range of X/D. It is 
reasonable to expect that if the geometric distortion of the 
small model is considered in the analysis, the results of the 
study should more favorably predict the prototype values of 
velocity ratio. 
The previously determined values of contraction coeffi­
cient may be applied to the width dimension of each inlet to 
reflect the true width of the inlet jet, designated as D(M). 
This value may then be used for the computation of the Y/D(M) 
ratio for comparison of the model velocity profiles. The only 
complication that this procedure introduces is that now, 
direct comparison of the three inlets cannot be made at the 
same value of X/D(M) because of the unplanned distortion of 
the jet widths. However, if the velocity ratio V(XY)/V(M) and 
the geometric ratio X/D{M) could be combined in some manner to 
form a new dimensionless product, this new variable could be 
used as the ordinate value for directly comparing the 
Figure 14a. Variation of the velocity 
ratio V(XY)/V(M) with Y/D 
for the value of X/D = 8 
Figure 14c. Variation of the velocity 
ratio V(XY)/V(M) with Y/D 
for the value of X/D =24 
Figure 14b. Variation of the velocity 
ratio V(XY)/V(M) with Y/D 
for the value of X/D = 12 
Figure 14d. Variation of the velocity 
ratio V(XY)/V(M) with Y/D 
for the value of X/D = 48 
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experimental data. This combination of the two ratios into a 
new variable requires a knowledge as to how they combine 
mathematically. 
The previously derived expression for the velocity 
distribution in a free, two-dimensional jet as given by Equa­
tion 67 shows that the two ratios should combine to form a new 
product, (V(XY)/V(M))(X/D(M))^/2. This combination and the 
relationship of Equation 67 were based on the condition of 
Equation 60 that a/x is constant throughout the jet stream. 
Thus far there is no experimental evidence to justify this 
assumption. But if the comparisons are all made at the same 
values of X/D, as in Figures 14a, 14b, 14c, and 14d, the value 
of a/x should be identical for each model at the same magni­
tude of X/D. In Figures 15a, 15b, 15c, and 15d, the newly 
formed velocity ratio product (V(XY)/V(M))•(X/D(M))is 
plotted against Y/D(M) for the previously used values of X/D. 
The data presented in Figures 15a and 15b demonstrate 
that consideration of the geometric distortion of the inlets 
results in more valid prediction of the peak prototype 
velocity ratio by the use of either of the smaller models. 
The ability to predict the vertical location of this maximum 
velocity ratio does not appear to be greatly enhanced over the 
use of the inlets without a consideration of the jet contrac­
tion. However, the graphs of Figures 15c and 15d, in 
comparison with those of Figures 14c and 14d, show that the 
peak velocity is more closely predicted using the model 
Figure 15a. Velocity ratio product 
[V(xy) /V(M) ] (X/D(M) ) 1/2 
vs. Y/D(M) for X/D = 8 
Figure 15c. Velocity ratio product 
[V(XY)/V(M)](X/D(M))l/2 
vs. Y/D(M) for X/D = 24 
Figure 15b. Velocity ratio product 
[V(XY)/V(M) ] (X/D(M) )l/2 
vs. Y/D{M) for X/D = 12 
Figure 15d. Velocity ratio product 
[V(XY)/V(M)](X/D(M))l/2 
vs. Y/D(M) for X/D =48 
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distortion correction. This would indicate that insurance of 
geometric similarity of the inlet configuration is important 
to the correct prediction of prototype velocity profiles, 
especially as the distance from the inlet face is increased. 
Near the inlet face, experimental error in the use of the 
total head impact tubes is probably as great as the effects 
of a slight distortion in the inlet models. In addition, the 
- fact that velocity pressures were averaged over a greater 
percentage of the jet width for the models than for the proto­
type due to non-scaling of the impact probe diameters would 
indicate that more accurate predictions of the prototype 
velocity profile near the inlet face or at low values of X/D 
is difficult with the experimental equipment used. 
The velocity profile graphs indicate that the greatest 
variation in predicted values of velocity ratio among the 
three inlets occurs, in general, at the extremities of the 
curves, or at the lower values of velocity ratio. This could 
be due partly to the greater difficulty in measuring the lower 
values of velocity pressure. However, one other factor should 
be considered as a possible explanation. As stated earlier, 
the velocity profile data represents the means of data meas-
'ured at nine values of Reynolds number. By using the mean 
values, the assumption was made that the velocity ratio at any 
point in the jet stream is for practical purposes, independent 
of Reynolds number. The regression analysis of the data, as 
presented in Appendix C, showed that the slope of the 
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regression line, BETA 2, representing the coefficient for the 
independent variable, EN{M), was significant in almost all 
cases. The results of the regression analysis from three 
velocity profiles, one for each inlet size, are presented in 
Table 7 for comparison. Values of t were computed for the 
hypothesis that BETA 2 was equal to zero. Asterisks beside 
the values in the table indicate a 95 percent level of 
significance for rejection. The highest computed t-values 
generally occur at the largest distances from the Y-value of 
the peak maximum velocity ratios. The increase in the BETA 2 
values tends to follow this same pattern. This increase in 
value of the coefficient of the Reynolds number could be indi­
cative of the greater influence of viscous effects towards 
the outer edges of the jet stream. Even though the low 
magnitudes of the slope values did not justify their considera­
tion in the overall analysis of this investigation, it is 
apparent that this is a source of error. The magnitude of 
this error would appear to increase with distance from the 
location of maximum velocity ratio since the BETA 2 values 
tend to increase in this manner. 
The most interesting aspect of Table 7 is the indicated 
direction, either positive or negative, of the slope values 
representing the coefficients of the Reynolds number variable. 
The slope values are positive at points below the peak 
velocity ratio location and negative at points above the 
location of peak velocity ratio. This same situation 
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Table 7. Comparison of linear regression results for three 
velocity profiles 
Standard Coefficient for 
Y Mean deviation Reynolds number Computed 
value, velocity of velocity variable,BETA 2 t-value, 
inches ratio ratio (x 105) T(B2) 
N=l, X=4 inches 
-1.00 0.051 0.062 1.99 5.21* 
-0.75 0.218 0.019 0.62 4.19* 
-0.50 0.358 0.023 0.68 3.94* 
-0.25 0.489 0.011 0.27 2.38* 
0.00 0.587 0.011 0.07 0.46 
0.25 0.648 0.017 —0 . 46 3.18* 
0.50 0.619 0.014 -0.25 1.52 
0.75 0.584 0.026 -0.31 2.98* 
1.00 0.415 0.016 -0.52 5.47* 
1.25 0.299 0.015 -0.47 4.48* 
1.50 0.178 0.010 -0.24 2.39* 
N=2, X=4 inches 
-0.50 0.173 0.001 0.15 1.63 
-0.25 0.281 0.014 0.57 7.01* 
0.00 0.393 0.011 0.32 2.10 
0.25 0.478 0.007 0.11 0.74 
0.50 0.483 0.004 -0.12 2.34* 
0.75 0.415 0.013 -0.53 7.76* 
1.00 0.288 0.012 -0.40 2.93* 
1.25 0.180 0.008 -0.31 5.68* 
N=4, X=4 inches 
-0.50 0.030 0.030 1.99 6.38* 
-0.25 0.152 0.017 1.17 7.87* 
0.00 0.269 0.017 1.14 8.54* 
0.25 0.385 0.012 0.76 5.29* 
0.50 0.444 0.006 -0.36 4.86* 
0.75 0.395 0.015 -1.07 8.73* 
1.00 0.284 0.019 -1.35 23.27* 
1.25 0.168 0.018 -1.30 6.87* 
1.50 0.058 0.009 -0.49 3.26* 
•Indicates 95% level of significance. 
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prevailed at the points of each velocity profile of the inves­
tigation with few exceptions. These results imply that above 
the maximum velocity of each profile, the velocity ratio 
increases with decreasing Reynolds number, with the opposite 
occurring at locations below the maximum velocity. It would 
have been expected on the basis of theoretical considerations 
that all of the slopes would have been negative. One explana­
tion for this alternate variation with Reynolds number is that 
the experimentally obtained velocity profiles all show the 
inlet jets to be curving upward. This upward curvature has 
been shown to be reasonably modeled by profiles shown in 
Figures 15a, 15b, 15c, and 15d. Apparently, this upward 
curvature of the jet increases with an increase in the efflux 
section velocity of the jet stream. This implies that the 
upward component of the momentum of the jet at any vertical 
cross section is increasing in magnitude as the jet efflux 
velocity is increased. The result of this increase in upward 
momentum would decrease the level of V(xy) at points below the 
centerline axis of the jet stream and increase the value of 
V(3CY) at points above. As a result, the relationships of 
velocity ratio and Reynolds number indicated by the slope 
coefficients of Table 7 would be produced. A thorough investi­
gation of this phenomenon was beyond the scope of the present 
model verification objectives and the capabilities of the 
available testing equipment. Therefore, a more thorough under­
standing of this aspect of the jet flow patterns would require 
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additional investigation. 
One of the more important results of the study of the jet 
velocity profiles appears to be the ability to predict the 
prototype velocity gradient at any cross section and any 
departure from symmetry of the jet stream about the centerline 
plane of the inlet. The latter point could be important in 
the evaluation of improved designs of inlet systems for 
increasing air distribution. For this reason, a more extensive 
analysis of the velocity profile data is now made to more pre­
cisely define the shape and curvature of the jet air streams. 
Velocity distribution parameters 
In the earlier development of the dimensional analysis of 
pertinent variables, it was demonstrated that a geometric 
ratio describing the dimensional characteristics of the jet, 
Xj/d, should be defined by a function of the other geometric 
variables of the system if dynamic similarity were maintained. 
For geometrically similar systems, this function should be the 
same. The defining of this functional relationship may be 
used for verification testing of the model systems of this 
analysis with emphasis given to the characteristics of the jet 
stream which describe its shape and curvature. 
For each of the velocity profiles of this investigation, 
the mean and standard deviation of the distribution of velocity 
ratio values may be computed. Each of these values may then 
be used as a geometric parameter of the distribution and may 
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be represented in functional form as a value of X^. If the 
vertical cross-sectional velocity ratio distributions are 
considered to be approximately symmetrical about the maximum 
velocity ratio value, the mean of the distribution represents 
the distance from the centerline plane of the inlet to the 
centerline of the jet stream, or point of maximum velocity 
ratio. It thus gives an index of the curvature of the jet 
stream at any distance X from the inlet face. An index of 
the shape of the jet profile is given by the standard devia­
tion of the velocity ratio distribution. 
Each of these parameters were computed from the experi­
mental velocity ratio values and are presented in Appendix C 
following the regression analysis of the data for each profile. 
The mean of each distribution, which will be called the 
centerline distance in this analysis and designated by Z, was 
computed from the relation for the first moment about the 
origin. Where V is the symbol for the velocity ratio 
V(XY)/V(M) at any point, the expression for Z is given by 
Z = . (83) 
The standard deviation of each profile, a, was computed from 
the relation for the second moment about the mean, 
. = . ,84) 
Equation 83, which simply gives the weighted average of the 
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experimental data points, was assumed to give the best estimate 
of the centerline distance. If, based on the theory of turbu­
lent jet formation and the experimental evidence of other 
investigations, the assumption is made that the velocity ratio 
distribution follows a normal distribution, the maximum 
velocity ratio of each distribution may be computed from the 
relationship for the normal frequency distribution. In terms 
of the variables of this study, the maximum ratio is given by 
V(M&X) _ ZV'A 
V(M) - ' (GS' 
where A represents the interval distance between the measured 
velocity points along the Y coordinate. From Equation 85, the 
computation of V(MAX)/V(M) results in values that are exces­
sive and unrealistic for the given distributions. This is 
caused by the fact that the estimation of a by means of 
Equation 84 is based only on experimental data grouped around 
the peaks of the distribution and not on a random sample. 
Therefore, Equation 84 was discarded as a means of estimating 
0 and a graphical technique was employed. 
The cumulative distribution function developed from data 
of a normal distribution will plot as a straight line on 
normal probability paper. This fact was utilized to check on 
the normality of the velocity distribution data of this study 
and to obtain a more reasonable estimate of the standard 
deviation of the distributions. In Figures 16a, 16b, and 16c, 
Figure 16a. Cumulative velocity ratio distribution functions 
for inlet of N=1 
Figure 16b. Cumulative velocity ratio distribution functions 
for inlet of N=2 
Figure 16c. Cumulative velocity ratio distribution functions 
for inlet of N=4 
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the cumulative velocity ratio distribution is plotted as a 
function of the ordinate values of Y. Points plotted on the 
probability scale were obtained from the cumulation relation­
ship, 
ZV 
P(Y) = ^ . 100 , (86) 
where the numerator represents the total of the velocity ratio 
up to the point Y under consideration. Examination of the 
plotted distribution functions shows that the interior points 
of each curve do plot as a straight line and suggests the 
validity of the assumption of normality. The functions also 
indicate that cross-sectional symmetry of each profile is a 
reasonable assumption. If the velocity ratio distributions 
were essentially nonsymmetric or skewed, the interior portion 
of each function would be curved. The peakedness of each 
distribution, resulting from having non-random data points 
taken near the center of the distribution, is indicated by the 
curvature of the ends of each plotted function. If each 
distribution function curve is assumed to extend linearly 
according to the dashed lines of Figures 16a, 16b, and 16c, 
the slope of each curve gives an estimate of the standard 
deviation of the distribution. The standard deviation, a, may 
be evaluated by using the relation for the standard normal 
deviate, 
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T[P(Y)] = ^ . (87) 
The value of T[P(Y)], representing the area under the normal 
distribution up to any point Y, may be evaluated from tabu­
lated values for any given probability, for example the 99 
percent value of the plotted relations. The value of Z used 
in the evaluation of Equation 87 was taken from the proba­
bility relations as the mean given by the Y value at the 50 
percent probability point. 
Values of Z computed by the moment expression of 
Equation 83 and a estimates obtained from the graphical solu­
tion of Equation 87 are presented in Table 8. Also given are 
the maximum velocity ratios computed from the normal distribu­
tion relation of Equation 85 using the table values of 
standard deviation. The Chi-square statistic was also com­
puted for each velocity profile based upon the theoretical 
normal distribution using the values of mean and standard 
deviation computed from the moments of the data. These com­
puted Chi-square values cannot be used for testing the 
"goodness of fit" of the distribution data, again for the 
reason that the experimental data did not represent a random 
sample of an infinite population of velocity ratio values. 
The sample values were fixed by the probe positions of the 
experimental apparatus. Computation of Chi-square was made by 
means of the standard relation. 
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Table 8. Geometric parameters of the velocity ratio 
distributions 
Profile Centerline Standard Max. velocity Average 
position distance deviation ratio Chi-square 
X,inches Z,inches a finches V(MAX)/V(M) index 
N = 1 
0.25 -0.190 0.284 1.037 0.050 
0.50 -0.169 0.292 1.015 0.075 
1.00 -0.078 0.344 0.942 0.040 
2.00 0.018 0,442 0.838 0.014 
3.00 0.156 0.546 0.720 0.025 
4.00 0.323 0.671 0.656 0.009 
6.00 0.426 0.760 0.560 0.027 
8.00 0.623 0.817 0.522 0.025 
12.00 1.446 1.052 0.417 0.058 
N = 2 
0.25 -0.092 0.151 1.027 0.075 
0.50 -0.027 0.163 0.955 0.040 
1.00 -0.002 0.194 0.818 0.060 
2.00 0.136 0.344 0.644 0.008 
3.00 0.259 0.443 0.560 0.014 
4.00 0.382 0.533 0.504 0.012 
6.00 0.732 0.696 0.424 0.020 
8.00 0.982 0.826 0.392 0.017 
12.00 1.389 0.990 0.328 0.033 
18.00 1.893 1.052 0.279 0.042 
24.00 2.632 1.100 0.251 0.050 
<< II 
1.00 0.074 0.172 0.772 0.017 
2.00 0.221 0.284 0.587 0.010 
3.00 0.371 0.383 0.498 0.017 
4.00 0.523 0.494 0.442 0.006 
6.00 0.793 0.688 0.377 0.009 
8.00 0.949 0.797 0.324 0.017 
12.00 1.518 0.960 0.281 0.033 
18.00 2.642 1.052 0.243 0.042 
153 
Z (V-V ) 2 
Chi-sguare = — (88) 
t 
where represents the theoretical value of velocity ratio at 
the point of the actual velocity ratio, V. The numerator of 
Equation 88 represents the square of the deviation of the 
experimental value from the theoretical normal curve. The 
terms of the sum expressed by Equation 88 would be severely 
biased downward in magnitude if the V values are taken rela­
tively near the maximum velocity ratio value where has its 
greatest value. This was the case with the experimental data 
points. As a result of this bias of data, the calculated 
values of Chi-square are relatively small. These values, 
while of no value for testing, may be used as an index of the 
dispersion of the experimental data in comparison to the 
theoretical values. This index is only valuable as a compari­
son among the various profiles as to the magnitude of data 
dispersion. The average Chi-square index, formed by dividing 
the computed index value by the number of data points of the 
distribution, is presented in Table 8. The lower the magnitude 
of the index, the better is the fit of the experimental 
velocity ratios to a normal distribution as compared to the 
other velocity profiles. 
The values of centerline distance, Z, listed in Table 8 
show that for the scale factor 1 and 2 inlets, the maximum jet 
velocity in the region near the inlet face occurred below the 
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centerline plane of the inlet. As the distance from the inlet 
face was increased, the maximum velocity moved upward, an 
indication of the curving of the jet stream. The maximum 
velocity ratios near the inlet face are seen to have values 
greater than one in Table 8. Actually the maximum ratio can 
only be unity at the inlet face. The higher values listed 
indicate that the velocity profiles fall in the region of jet 
establishment where the maximum velocity remains constant for 
a short distance from the efflux section. The actual normal 
distribution of data would not extend over the full profile 
in this range, as was the assumption in the computation of 
V(MAX)/V(M) . 
The average Chi-sguare index of Table 8 indicates that 
the greatest deviation from normality occurred for profiles 
near the exit face, and again for those the greatest distances 
from the inlet at large values of X. Near the inlet, this is 
expected since the distribution is not fully normal in the 
zone of establishment. In addition, fewer data points were 
available in the jet region near the inlet face to sufficiently 
define the profile distribution. For the case of the scale 
factor 4 inlet, the distribution could not be defined for X 
less than one inch, as indicated in Table 8. The greater 
deviation from normality at the larger X values was primarily 
due to the location of the data points predominantly in the 
center portion of the distribution. Velocity values in the 
extremities of the distribution at the greater distances from 
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the inlet could not be measured because of their low magni­
tudes . 
The computed values of the centerline distance, Z, are 
presented in the form of the dimensionless ratio, Z/D(M), in 
the graph of Figure 17a as a function of X/D. Data for each 
of the three inlets appear to follow the same linear relation­
ship with logrithmic scales. From the least squares 
regression analysis of the data, the expression for the 
functional relationship takes the form 
Z/D(M) = 0.046(X/D(M))1-20 . (89) 
Equation 89 gives the approximate relationship for the upward 
curving of the jet air stream. 
In Figure 17b, the computed maximum velocity ratio, 
V{Maj[)/V(M) , is plotted against the geometric ratio, X/D(M). 
Again a linear relationship is obtained with use of logarithmic 
scales for each of the three inlets. The closeness of the 
data points in following the functional relationship demon­
strates that the model inlets could be effectively used to 
predict the prototype maximum velocity ratio function. The 
regression line of Figure 17b is defined by the equation 
V(MAX)/V(M) = 1.36(X/D(M) )-0-38 . (90) 
Equation 90 shows that the maximum velocity in the jet varies 
with the distance from the efflux section according to the 
-0.38 power. This is in contrast to the square root 
Figure 17a. Relationship of the 
centerline distance ratio 
Z/D(M) to the geometric 
ratio X/D(M) 
Figure 17b. Relationship of the 
maximum velocity ratio to 
the geometric ratio 
X/D(M) 
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relationship for a free turbulent jet determined by other 
investigators and as expressed in the theoretical relationship 
of Equation 67. Actually, the relationship with the X/D(M) 
ratio follows more closely the distribution of maximum 
velocity for the condition of laminar jet flow given by the 
one-third power relation of Equation 79. This result indi­
cates that for the finite test chamber conditions of this 
investigation and the range of flows studied, fully developed 
turbulence did not exist in an extended range of the air 
stream. 
The relationship of the ratio of the standard deviation 
to the jet width, a/D(M), is plotted as a function of X/D(M) 
in Figure 18a. The general trend of the functional relation­
ship for each inlet is similar but the dispersion of the 
experimental data points about the regression line is greater 
than that for the previously studied parameter values. The 
upper data points of each inlet tend to curve downward, 
probably reflecting the reduced accuracy in predicting a at 
the greater X distances as discussed previously. The dimen-
sionless ratio of a/X is plotted against the X/D(M) ratio in 
Figure 18b. The upper two data points of each inlet were 
eliminated from this graph because of their apparent departure 
from the linearity of the other data. Regression analysis of 
the data results in the functional relationship, 
a/X = 0.289(x/D(M))-0-30 . (91) 
Figure 18a. Variation of the standard Figure 18b, 
deviation ratio with the 
geometric ratio X/D(M) 
Variation of the ratio of 
standard deviation to the 
distance X with values of 
X/D(M) 
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In the theoretical development for a free turbulent jet, it 
was shown that for a jet spreading at a linear rate, which is 
the case with a free jet, the ratio of a/X must be equal to a 
constant. This fact was then used in the theoretical develop­
ment. Apparently, this linear spreading of the jet profiles 
did not hold true for the inlet jets of this study. Equation 
91 shows that A/X is definitely a function of X/D(M) and does 
not remain constant. 
Therefore, in summation, the experimental results as 
analysed have demonstrated that the geometric parameters of 
the inlet jet stream can be effectively modeled. The use of 
these parameters to describe the characteristics of the air 
flow produced by the inlet systems also appears to be valuable 
in the quantitative evaluation of the geometric similarity of 
the air stream velocity patterns. 
Theoretical Comparisons of Data 
Theoretical relationships were previously developed for 
the velocity characteristics of a free turbulent jet. In the 
following sections, the experimental results of this investi­
gation are compared with these derived expressions to 
demonstrate the influence of the geometric configuration of 
the experimental inlets and of the air flow system on the jet 
characteristics. 
Distribution of velocity 
One basic assumption of the derivation of the free jet 
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velocity relationship of Equation 67, namely that the ratio, 
a/X, is constant throughout the jet flow system, did not hold 
true for this investigation. The rate of spread of the 
velocity profiles was found to be a function of the X/D(M) 
ratio. Because of this variation of a/X, or Ci in Equation 67, 
the theoretical expression cannot be of the proper form to 
describe the actual velocity distribution. However, the 
velocity data of this study will be compared with the free jet 
equation to show the degree of departure of the data from the 
theoretical expression. 
To evaluate the theoretical expression, an experimental 
value of the constant, Cj of Equation 67 must be determined. 
If a/X is assumed to be constant, the value of "the X/D(M) 
ratio at the point of initiation of fully established turbu­
lent flow may be used for the evaluation. This value of 
X/D(M) is obtained from the graph of Figure 17b for maximum 
velocity ratio, as the value of X/D(M) where the velocity 
ratio becomes unity. Then according to Equation 64, this 
value may be expressed as 
si = 
From Figure 17b, the value of X/D(M) with ordinate magnitude 
of unity is approximately 2.5. The value of from Equation 
92 is then found to be 0.226. 
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In the theoretical expression for velocity ratio in the 
established flow region of the jet, the value of y corresponds 
to the difference Y-Z of this study. Equation 67 may be 
written in the following form for comparison with the experi­
mental data: 
Equation 93 is shown as the solid line on the graph of 
Figure 19a. The plotted data points represent the measured 
data of this investigation. The broad deviation from the 
theoretical curve demonstrates that the jet structure of this 
investigation was different from that of a free symmetric jet. 
The actual value of a/X determined from the relation of 
Equation 91 may be used for the evaluation of Equation 93 at 
any specific value of X/D(M). Then, for the velocity profile 
data of any given value of X/D(M), the theoretical expression 
should show closer agreement. In Figure 19b, Equation 93 is 
graphed for one representative value of X/D(M). Plotted 
points were data from the prototype and scale factor 2 model 
profiles. The theoretical expression appears to give slightly 
higher values than the experimental data for this X/D(M) value. 
However, since the a/X relation was determined from the data 
of many profiles, the theoretical expression should also 
under-predict at some values of X/D(M). On the average, the 
theoretical expression evaluation by the use of the o/X 
V(XY) 
vTMJ (93) 
Figure 19a. Comparison of experimental data with theoretical 
curve for a free turbulent jet 
Figure 19b. Theoretical curve and experimental data for 
velocity ratio at value of X/D(M) = 20.3 
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expression should give reasonable velocity ratio values within 
the range of the experimental data. Figure 19b does indicate, 
however, that the deviation from the theoretical curve becomes 
larger as the value of Y-Z increases, or at the greater dis­
tances from the centerline of the curving jet. 
Distribution of volume, momentum, and energy flux 
The theoretical expressions for the rate of flow or 
volume flux ratio, Q/Qq, and the energy flux ratio, E/Eq, were 
given by Equations 69 and 71. Since in both of these expres­
sions, the ratio is a function of X/do only, the experimentally 
determined relationship for , or ct/X, given by Equation 91 
may be employed to revise the theoretical expressions to a 
form allowing direct comparison with the experimental data. 
If the expression for a/X given by Equation 91 is sub­
stituted into the theoretical equations for volume flux ratio, 
the relationship becomes 
Q/Q(M) = l.oi(x/D(M)35 , (94) 
For the energy flux ratio, the relation 
E/E(M) = 1.14[x/D(M) )-0. 35 . (95) 
is obtained. In these revised theoretical expressions, the 
values of volume flow and energy flux at the efflux section are 
now designated by the symbols Q(M) and E(M) corresponding to 
the measured values of these variables, based upon the 
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measured velocity, V(M), and the jet width, D(M), which takes 
into account the experimentally evaluated contraction of the 
jet. 
In addition to these ratios, the momentum flux ratio may 
also be evaluated experimentally. According to the theoretical 
expression for momentum flux ratio given by Equation 61, the 
ratio of momentum flux for any cross-section of the jet to 
the efflux section momentum flux should be expressed by the 
relation 
M/M(M) = 1 . (96) 
For comparison of the experimental data of this investi­
gation with the theoretical relations of Equations 94, 95, and 
96, a numerical integration technique was utilized to evaluate 
the velocity ratio data in terms of the integrals expressing 
the values of volume, momentum, and energy flux. The integral 
forms for each of these quantities were given in Equations 61, 
68, and 70. 
The velocity ratio data of each velocity profile were 
integrated over the limits of the data given by the extreme Y 
values by repeated application of Simpson's Rule for approxi­
mate integration. By this procedure, the area under the curve 
represented by the experimental data is approximated by 
fitting second degree polynomials to sets of 3 points in the 
distribution. According to Simpson's Rule, the integral of 
each profile may be expressed as 
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rb 
V(XY) 
^^^^[^V(l)+4V(2)+2V{3)+4V(4)+.-.+V(2k) , (97) 
a 
where a and b represent the limits of the Y-distance values of 
each profile and V(XY) takes values from V(l) = V{a) to V(2k) 
= V(b). The value of h is given by 
For the actual numerical integration of the data, the entire 
profile interval was subdivided into sub-intervals and 
repeated applications of Equation 97 made in an iterative 
process, with the value of h decreased after each iteration. 
This process was continued until a set tolerance level for 
difference between the integral summation of two consecutive 
iterations was attained. The tolerance value was set at 0.01 
for this study and in general, only two or three iterations 
were required for each evaluation. 
Values of V(XY) within each sub-interval for the evalua­
tion of Equation 97 were determined by use of second-degree 
interpolation from the velocity ratio data values nearest each 
sub-interval value. The Lagrange interpolation method was 
employed for which each specific interval value of velocity 
ratio, V(i), within the limits 1 and 2 for example, was 
evaluated by the relation 
h b-a (98) 2k 
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(Y^-Yi) (Y^-Yz) 
(Yo-Yi) (Y0-Y2) V(0) + 
(Y.-Yo) (Y.-Yz) 
(Yi-Yo) (Y1-Y2) * 
(Y.-Yo) (Y.-Yl) 
(Y2-Y0) (Y2-Y1) * V(2) (99) 
This expression gives the value of velocity ratio at any 
interval point based upon the construction of a second degree 
polynomial passing through the 0, 1, and 2 data points immedi­
ately surrounding the interval point. 
Computed experimental values of the volume, momentum, and 
energy flux ratios are presented in the logarithmic scale 
graphs of Figures 20a, 20b, and 20c, respectively. Also shown 
are the previously derived theoretical relations represented 
as the solid lines. Actually, the data points of each graph 
are related by the first, second, and third power of the 
velocity ratio so that any variation from the theoretical 
which occurs in one graph will also appear in the other two. 
However, the three sets of data are presented to more clearly 
demonstrate the relationships among the three flow charac­
teristics. 
The experimental data values fall below the theoretically 
predicted values for the data of each of the three inlets. 
The model and prototype data appear to follow the same trend, 
however, indicating that inlet models have reasonably pre­
dicted the flux values for the prototype. Three possible 
Figure 20a. Distribution of volume flux with the distance 
ratio X/D(M) 
Figure 20b. Distribution of momentum flux with the distance 
ratio X/D(M) 
Figure 20c. Distribution of energy flux with the distance 
ratio X/D(M) 
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explanations seem to explain the differences between the 
theoretical and experimental values. First, the numerical 
evaluation of the experimental quantities was only approximate. 
Second, the integral values of the three quantities are 
defined in terms of the horizontal component of velocity in 
the direction of jet flow. Velocity measurements made with 
the impact tubes of this investigation represent resultant 
velocities, and not the component velocity in the X direction 
as related to the resultant velocity by the continuity 
expression of Equation 58. At large values of Y near the 
edges of the jet, some error is introduced due to the assump­
tion that V is equal to V^. This error is not appreciable 
since the total angle of spread for the measured data was less 
than 10 degrees. The third possible explanation of the data 
variation from the theoretical curve, and probably the most 
likely, is that the velocity profiles did not include the full 
range of velocity values. Integration of the data was over 
the measured values only, thus values within the range where 
the velocity approaches zero were neglected. This was caused 
primarily by the inability to measure the lower values of 
velocity with the available experimental equipment. The data 
for the scale factor 4 inlet are slightly closer to the 
theoretical curves, demonstrating that the range of measure­
ment was extended by the higher velocities of the small scale 
model. However, it appears that if the volume, momentum, and 
energy flux values are to be used as an index or parameter of 
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the air flow characteristics of the inlet jet, the experimental 
values must be designated as percentages of the total flux 
values. In this respect the experimental values of the flux 
ratios were effectively modeled. 
An important result of this phase of the analysis is that 
neither the theoretical relations for the volume flow rate 
ratio and the energy flux ratio nor the experimental data 
follow the square root relationship of the equations for fully 
developed turbulence in a free jet. As a result of the non­
linear spreading of the jet, expressed by the functional 
relationship of a/X with X/D(M), the volume flow and energy 
dissipation per unit time in the experimental jets were 
diminished at all cross-sections in the range of established 
flow. 
Comparison with laminar flow equation 
The maximum velocity distribution relation developed from 
the test results and expressed by Equation 90 show that the 
variation of V(MAX)/V(M) with the distance from the inlet face, 
X, follows a power relationship more closely expressed by the 
laminar flow equation than that for the fully turbulent jet. 
The departure of the experimental relationships for volume and 
energy flux from the turbulent flow relations suggests that 
within the inlet jets of this investigation, a fully developed 
turbulent flow situation did not prevail. In an effort to 
more closely define the flow situation, the measured velocities 
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at the lower ranges of air flow were compared with the theo­
retical relationship for laminar flow. Equation 79. 
Equation 79 contains a Reynolds number term which is 
based upon the efflux velocity of the inlet jet. To evaluate 
Reynolds number in the laminar ranges of air flow, a func­
tional relationship such as that represented in Figure 12c is 
required. However, the data of Figure 12c for the laminar 
flow range were considered to be insufficient to validly 
define the flow relationship. Therefore, use of Equation 79 
was made only to compare the variation of V(MAX)/V(M) with the 
X distance at constant, low magnitude values of Reynolds number. 
Measured data in the low Reynolds number range of less 
than 4500 were insufficient to conclusively describe the flow 
situation in the jet in accordance with a laminar or turbulent 
condition or to determine a critical value of Reynolds number. 
However, exponent values for the {X/D(M)) term in the velocity 
ratio function were found to be reduced to as low as 0.35 in 
the low flow range. This is compared with the exponent value 
of 0.33 of the laminar flow equation. The emphasis of this 
investigation was not centered on this aspect of the jet flow 
system. However, the apparent low turbulence level of the 
inlet jet stream suggests that further study is needed to des­
cribe the transition from the laminar to a turbulent jet. 
Adequate entrainment and mixing of secondary air required by a 
ventilating jet could depend on a knowledge of the flow 
requirements for the maintenance of a turbulent diffusion 
process in the jet flow field. 
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DISCUSSION 
Model Similarity Requirements 
Three important aspects of the inlet model study were 
emphasized by the results of the pressure difference analysis. 
First, the importance of geometric similarity in all respects, 
with the exception of material surface characteristics, was 
demonstrated by the unplanned distortion of the smaller scale 
inlet model. The inlets were constructed of wood because of 
the importance of this material in agricultural buildings and 
its anticipated use in the future development of more complex 
inlet configurations. However, the results of this study 
suggest that for scale factor models of 4 or greater, the use 
of a material which permits more precise construction of the 
model is required. Inspection of the scale 4 model showed no 
serious physical distortion of the inlet size or shape, but 
with the narrow, one-fourth inch slot and tubular bend the 
slightest imperfection on the sharp edges of the plywood 
material could result in serious distortion. The fact that 
any existing distortion may be evaluated by measurement of the 
actual efflux velocities and determination of the contraction 
coefficient of the inlet demonstrates that the model inlets 
can be effectively used, even with the presence of unantici­
pated distortion. 
The second important aspect of the pressure studies was 
that in the models of the inlet system, system pressures were 
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increased in magnitude over those of the prototype systems by 
the factor of n^ in accordance with the model design require­
ments and prediction equations. This permitted more accurate 
measurement of the static pressures in the model systems. In 
future research in connection with inlet design, it would be 
desirable to investigate the influence of confining surfaces 
and walls on the flow characteristics of the inlet jet. In 
such a study, the measurement of system static pressures 
within the test chamber would become more important and the 
advantages of investigating the phenomena on a model basis 
would be significant. 
An important third aspect of the pressure study phase of 
the investigation was that modeling of the inlet pressure drop 
phenomenon permitted data to be obtained in the lower flow 
regions in which a laminar flow situation is initiated. With 
the prototype inlet, the lowest measurable pressures were 
still in the range in which the pressure coefficient was 
independent of Reynolds number. For both of the model systems, 
a lower range of static pressures was reached in which the 
pressure coefficient increased significantly with a decrease 
in Reynolds number. The computed velocity coefficients, Cy, 
developed from the turbulent flow range data indicated that 
the energy losses produced by viscous effects upon the air 
flow through the inlets was relatively low, approximately 10 
percent. By far the largest energy losses were due to the 
serious contraction of the jet flow through the L-shaped inlet 
177 
configuration, exemplified by the magnitudes of the contrac­
tion coefficients listed in Table 6. However, in the laminar 
flow range, the losses due to viscous effects would increase 
severely and thus, the value of would be decreased rapidly. 
From the analysis for the turbulent range, it is apparent that 
failure to model the roughness of the inlet material had no 
serious influence on the results since approximately the same 
magnitude of was obtained for each of the three inlets. In 
the laminar range, the material used for the inlet construc­
tion would be an important consideration because of the 
increased viscous losses and satisfaction of the equivalent 
roughness design requirement could become necessary. It is 
expected that the majority of cases of inlet air flow in 
animal buildings will be in the turbulent air flow range. 
However, for conditions that require low air flows and for 
certain inlet configurations, it is reasonable to expect that 
the laminar flow situation could be approached. At least a 
complete investigation of this aspect of inlet air flow by 
means of a model study could more closely define the limits of 
this type of flow. 
Ventilating Jet Applications 
The primary emphasis of this investigation was to obtain 
an adequate description of the characteristics of the air jet 
stream and the verification of the use of models to predict 
these characteristics for a prototype inlet configuration. 
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The goal of the study was not to determine the best procedure 
for evaluating the characteristics involved since more elabor­
ate experimental equipment would be required for this approach. 
Jet stream characteristics evaluated in the study, namely 
velocity distribution, the air stream geometric parameters, 
and volume, energy, and momentum flux, represented parameters 
of the inlet jets which could be used in the evaluation of 
performance of the ventilating inlet. Verification of the 
modeling aspects of the evaluation of these parameters is 
important in the sense that future investigations of more 
elaborate and complex inlet configurations and ventilating 
systems could be more effectively and feasibly conducted on a 
model basis in the laboratory, rather than on prototype 
systems. 
The primary basis for the conduct of this research was 
the importance of finding solutions to overall problems of air 
distribution in animal housing, specifically through improved 
design of ventilating inlet systems. The results of this 
investigation find application in at least two aspects of 
ventilation, with respect to the problem of adequate distribu­
tion. First, the ability to effectively describe the velocity 
distribution, the shape and rate of spread of the jet, and the 
departure from symmetry of the ventilating jet stream have 
implications in relation to inlet design. By describing the 
characteristics of the jet flow in terms of the magnitudes of 
velocity and the geometric parameters, Z, the curvature of the 
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jet, and the standard deviation of the velocity distribution, 
a, the rate of spread of the air jet, the air distribution 
characteristics of a specific inlet configuration and flow 
system can be evaluated. 
The results of this investigation give an example of how 
the knowledge of the evaluated jet characteristics might be 
employed in improved ventilation design. Curvature of the jet 
stream upward as a result of the L-shaped configuration of the 
inlets was demonstrated by the studies of each of the three 
inlets. This influence of inlet configuration on the primary 
direction of air stream flow could be effectively used in the 
control of zones of high contamination in a ventilated space. 
The inlet design could be such as to direct the air stream to 
any desired location, an important aspect of any system incor­
porating zone ventilation techniques. In addition, the 
general air mixing within a space could be enhanced by direct­
ing the air stream against confining surfaces, walls, and 
ceilings in any desired manner. Evaluation of the centerline 
distance parameter, Z, would allow the evaluation of design 
features in this respect. The air velocity distribution and 
the parameter, a, which indicates the rate of spread of the 
jet give important indices of the mixing qualities of the air 
flow system. In this study, the velocity distribution results 
indicated that velocities in the jet stream were considerably 
higher than those expected for a fully turbulent jet. The 
rate of spread of the primary jet flow was also less than 
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expected, with the a/X parameter varying with distance X from 
the inlet face. Both of these results demonstrate that mixing 
of the surrounding air has been diminished, as compared to a 
fully turbulent system, for the prevailing flow conditions. 
The computed values of volume and energy flux also serve as 
indices of these same features of the experimental flow system. 
The magnitude of Q, the volume flow rate at each section was 
lower than that anticipated. This gives a direct indication 
that entrainment of secondary air was not as high as possible 
with a fully turbulent jet stream. Based upon these results, 
inlet design improvements should center on ways to increase 
the general turbulence level in the air flow system, either 
through mechanical means or possibly by increasing the air 
flow rates. Further investigation is needed to determine the 
exact influence of each of these factors on the flow charac­
teristics of the jet stream. Parameters evaluated in this 
study would peanciit the evaluation of such system design vari­
ations. The fact that each of the parameters have been 
effectively modeled in this investigation also demonstrates 
that future studies which incorporate similitude principles as 
an experimental technique would be both feasible and valuable. 
Experimental Limitations 
With the experimental equipment of this investigation, 
extensive consideration could not be given to the region of 
jet formation near the inlet face designated the zone of jet 
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establishment. Velocities in this region and at the inlet 
efflux section were measured but sufficient profile points 
could not be obtained to completely describe the flow region. 
The actual flow characteristics of the establishment zone are 
not so important from the standpoint of ventilating properties, 
but they are important in defining the extent of the transi­
tion region to fully developed flow. An improved experimental 
technique for obtaining velocity profiles in this region and 
at the efflux section would have assisted in a more complete 
description of the jet flow characteristics. 
In this model verification study, the dimensions of the 
air flow test chamber and the location of the inlet mounting 
position were not scaled according to the geometric similarity 
requirements. Apparently this had no serious influence upon 
the verification results and this neglect in complete scaling 
of the model flow system is valid for studying the inlet air 
flow characteristics. However, the differences between the 
experimental data and the theoretically predicted values for 
a free jet suggest that the confining boundaries of the test 
chairfaer have an influence on the jet flow characteristics. 
Exactly how much these characteristics are effected by the 
chamber geometry could not be determined by the experimental 
system of this investigation. These influences of chamber 
geometry were confounded with the other influences produced by 
air flow rate and inlet configuration. To separate these 
sources of jet influence would require that the pressure 
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studies be conducted independently of the jet velocity studies. 
This would allow a pressure air flow system to be used to 
operate the inlets in the manner of a free jet system. 
Use of the volume flow rate and energy flux parameters to 
describe the inlet air flow characteristics could be of 
increased value in the evaluation of future inlet design 
improvements. The integration involved in the computation 
process is essentially cumulative in nature. In addition, the 
fitting of the data was a smoothing process resulting in a 
more representative description of the velocity situation at 
any jet cross section. The major defect in the use of the 
flux ratios as a parameter of the jet flow system is the diffi­
culty in including data over the full range of each cross-
section profile. As indicated in the analysis, the flux ratios 
could be used as a percentage index of the total flux ratios. 
However, if the experimental techniques could be improved so 
that the flux values would represent a higher percentage of 
the total values, the use of these ratios as descriptive para­
meters of the flow characteristics of a particular inlet 
design would be improved. 
With the exception of the above limitations, the experi­
mental techniques employed in this investigation permitted an 
effective verification of the use of modeling procedures in the 
study of inlet flow characteristics. Extended research in 
this area could well proceed to the improvement of methods for 
measuring the flow characteristic parameters of this study and 
the extended use of the model inlet systems for predicting 
prototype inlet ventilating characteristics. 
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SUMMARY 
Verification experiments were conducted with two models 
of different scales and a prototype slotted inlet to study the 
air flow characteristics of the inlets and the jet structure 
produced. Slot width for the prototype was one inch with one-
half inch and one-fourth inch widths used for the models 
conforming to scale factors of 2 and 4. The inlets were of 
an L-shaped configuration having a narrow tubular section with 
slot aspect ratio of 40 to 1. Air flow from the slot was 
considered to be essentially two-dimensional. 
Experimental testing was conducted with test inlets 
mounted on a sealed air chamber and an exhaust air flow system 
which pulled air through the inlet slots. The test air cham­
ber was located within a controlled temperature laboratory. 
Measurements of the study included volume air flow through the 
system measured by an orifice meter, static pressure differ­
ence across the mounted test inlets, and dynamic impact 
pressures within the jet stream issuing from the inlets. The 
latter pressure data was reduced to the form of profile 
velocities in the jet stream at various distances from the 
inlet face. Velocity profiles were made over a distance 
extending from the inlet face to approximately two feet from 
the efflux section. All experimental data were organized in 
the form of dimensionless products in accordance with the 
principles of dimensional analysis for the verification of the 
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validity of the modeling techniques employed. 
Experimental relationships between the dimensionless pro­
ducts, pressure coefficient and Reynolds number, showed that 
serious distortion of the scale factor 4 model existed. 
Reasonable agreement was shown between the experimental rela­
tions of the scale factor 2 and prototype inlets which 
indicated a satisfactory modeling procedure. The magnitude of 
distortion of the inlets in comparison to the prototype inlet 
was found by experimental evaluation of the velocity and con­
traction coefficients for each of the test inlets. Contraction 
coefficient values were then used in the analysis of jet air 
flow data to account for the geometric distortion of the 
models. 
The velocity distribution data obtained from the tests of 
the model inlets agreed with velocity patterns measured for 
the prototype. Both velocity magnitudes and the shapes of the 
velocity distributions at each jet cross section were substan­
tially predicted with the model system. Upward curvature of 
the inlet jets was found to exist for the air stream from each 
of the test inlets. The means of each velocity distribution, 
which represent the distance that the jet had curved from the 
inlet centerline plane, were computed and compared on a 
dimensionless basis. Close agreement existed among the center-
line distance relations for each of the test inlets. The rate 
of spread of each jet was represented by the computed standard 
deviation of the velocity distribution at each cross section. 
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The standard deviation ratio, a/X, was used as the parameter 
expressing this flow characteristic. It was demonstrated that 
a/X varied with the geometric ratio, X/D(M), the dimensionless 
ratio that represents the distance of each profile from the 
jet efflux section. A similar functional relation was found 
for a/X from the test data of each inlet. 
Comparisons of the experimental data relations for maxi­
mum velocity at each cross section showed that the maximum 
velocity ratios varied with distance X from the inlet face by 
approximately the -0.38 power for each inlet rather than the 
theoretical value of -0.50 for a free turbulent jet. Experi­
mental evidence implied that the jet structure produced by the 
inlets in the range of test air flow did not consist of fully 
developed turbulence. Computed values of volume flow rate and 
energy flux at each cross section gave further evidence of the 
departure of the experimental data from the relations for a 
fully developed turbulent jet. 
For each of the inlet air flow characteristic studies, 
the two model inlets were successfully employed to predict the 
prototype characteristics. Variation in predicted values was 
generally greater at the extreme vertical distance locations 
of the jet profiles and increased as the distance from the 
inlet efflux section was increased. 
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CONCLUSIONS 
Prediction of Inlet Pressures 
Over the majority of the flow range, volume flow rate 
varies approximately as the square root of the measured pres­
sure difference across the slotted inlets of this investigation. 
At very low air flow rates, this variation with pressure 
difference increases. 
In the use of scale models to predict the pressure differ­
ence across an inlet of a given configuration, special care is 
required to ensure that geometric similarity is maintained in 
all respects, with the exception of the material surface 
geometry. As the scale of an inlet model increases, the 
greater is the severity of model distortion due to slight 
imperfections in scaling or structural defects in the model 
material. Existing distortion in an inlet model may be evalu­
ated by measurement of the maximum efflux velocity from the 
inlet and by use of this value to compute the contraction 
coefficient. This coefficient may be used to take into 
account the effect of geometric distortion in the model pre­
dictions . 
Evaluations of the coefficient of velocity for the test 
inlets indicates that frictional losses in the inlets are not 
of a large magnitude. Neglect of the model design requirement 
of equivalent roughness in both model and prototype is not 
serious for the tested slotted inlet configuration. 
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Model design requirements based upon geometric and 
dynamic similarity are sufficient for providing a valid model 
for predicting prototype inlet pressure and air flow charac­
teristics. The condition of dynamic similarity requires that 
the Reynolds number be equal in both model and prototype 
systems. The dimensionless pressure coefficient, Ap/pV^, is 
independent of Reynolds number over a portion of the test flow 
range for the model and prototype inlets. The results for the 
two model inlets also extend into the lower flow range where 
pressure coefficient increases rapidly with decreasing values 
of Reynolds number, thus indicating a condition of laminar 
flow. 
Inlet Velocity Characteristics 
Velocity magnitudes and the shapes of velocity profiles 
are validly predicted if the measured width of the two-
dimensional inlet jet is used to determine the scale factor 
relationship for each model. Velocity ratios consisting of 
the ratio of the measured velocity at any point in the inlet 
air stream to the efflux section maximum velocity are essen­
tially independent of Reynolds number in the turbulent range 
of air flow. The dependence of the velocity ratio upon 
Reynolds number is greater at the fringes of the jet pattern 
than at the center. 
Curvature of the jet or departure from symmetry about the 
centerline plane of the inlets is successfully predicted in 
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the prototype inlet by the model inlet velocity patterns. 
Velocity Distribution Parameters 
The computed mean of the velocity distribution of any 
cross section represents the approximate distance that the 
inlet jet has curved from the inlet centerline plane. With 
use of this centerline distance as a geometric parameter of 
the velocity distribution, the curvature of the jet is 
quantitatively described at any distance, X, from the jet 
efflux section. 
Computation of the standard deviation for each cross-
section velocity profile gives a measure of the rate of spread 
of the jet at any distance, X, from the inlet face. The ratio 
of this parameter to the profile distance, a/X, varies 
functionally with the ratio of X/D(M), where D(M) is the 
measured diameter of the jet at the efflux section. 
From the computed value of a/X, and with the relationship 
for a normal distribution of the velocity profile data, the 
maximum velocity of each velocity profile may be computed. 
Each of these parameter values for describing the shape, 
magnitude, and location of the velocity distributions are 
adequately predicted in the prototype by means of the model 
inlet test results. 
Integral Indices of Jet Air Flow 
Integration of the velocity profile data of each cross 
section by a numerical technique in accordance with the 
189 
definitions of volume, momentum, and energy flux gives an 
index value of the flow characteristics at each distance, X, 
from the inlet face. Lack of experimental data values in the 
outer regions of low velocity in each profile prevent the 
measurement of the total flux values. In the case of each of 
these indices, the model inlets predict the prototype values 
within a reasonable degree of accuracy. 
Comparison With Theory 
The maximum velocity produced in each jet profile varies 
inversely with the distance from the efflux section by approxi­
mately the 0.38 power. Theoretical relations for a free 
turbulent jet show this inverse variation to be according to 
the 0.50 power. The experimental results compare more closely 
with the theoretical expression for laminar flow in which 
maximum velocity varies inversely with distance to the 0.33 
power. 
One basic theoretical equation for velocity distribution 
in a free turbulent jet is based upon the normal distribution 
of velocities and a linear rate of spread of the jet with X, 
implying that a/X is constant. Since o/X is a function of 
X/D(M) in the results of this investigation, the experimental 
data do not adhere to the theoretical velocity distribution 
relation. 
Based upon the assumption that o/X is constant, theoreti­
cal expressions for volume flux and energy flux result in 
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square root relations between these quantities and the 
distance X. Experimentally computed values of volume and 
energy flux are lower than the theoretical values indicating 
that less air is entrained in the actual inlet jet. This fact 
gives evidence that the jet air stream of this investigation 
did not achieve fully developed turbulence. 
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SUGGESTIONS FOR FURTHER RESEARCH 
The need to extend the scope of this investigation in a 
later study to include flow rates in both of the ranges lower 
and higher than the test flow rates of this study was indi­
cated in the previous discussion. Several additional 
suggestions can be made on the basis of the present experi­
mental results for applying and increasing the present 
knowledge of inlet modeling and the prediction of inlet air 
flow characteristics. 
In the present study, only one position of the mounted 
inlets on the test chamber was utilized. The construction of 
the test chamber and inlet system provided for additional 
mounting locations towards the ceiling of the chamber. 
Further research could be carried out in more clearly defining 
the influence of confining surfaces on the inlet jet stream. 
As the inlet is moved towards the ceiling and the distance 
to this surface is decreased, the formation of the jet should 
be influenced to a greater degree by this confinement. At the 
surface itself, the inlet would produce essentially a wall jet, 
which is in common usage in ventilation systems. This jet 
phenomenon could be more easily studied if the investigation 
were to be carried out on a model basis. 
An important aspect in the control of air movement in a 
ventilated structure is the provision of adequate general air 
movement produced by ventilating inlet jets to sufficiently 
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control local velocities produced inside the structure from 
secondary sources. One means of insuring this control is to 
provide a high level of air velocity in the ventilation jet 
stream so that the resultant velocity at the location of the 
secondary velocities is in the direction of the exhaust air 
stream. A model study of this interaction of two velocity 
sources, one the primary inlet jet stream and the other a 
secondary vertical movement, could be used to define the 
phenomena and to ascertain the inlet flow requirements for 
adequate control. 
In the actual ventilating jet situation of an animal 
structure, wide differences between the incoming ventilation 
air and the enclosed secondary air are common. Any realistic 
understanding of the factors influencing the movement and 
structure of the ventilating jet must include the effects of 
this temperature variation. With the pertinent variables 
involved in the isothermal jet situation essentially identi­
fied and their application and verification in this model 
study completed, research could be initiated into the influ­
ence of thermal effects upon the jet flow characteristics. 
The inlet jet characteristic parameters used in this investi­
gation could again be employed to evaluate the inlet 
performance under non-isothermal conditions. 
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APPENDIX A 
Table 9. Computed values for model inlet pressure drop—discharge relations 
AP V(C) V(M) 
Q Pressure Inlet Measured PC(C) PC(M) RN(C) RN(M) 
Discharge, drop, velocity velocity Pressure Pressure Reynolds Reynolds 
cfm in.water ft./min. ft./min. coefficient coefficient number number 
N=l, one inch slot width 
306.5 0.261 1103 1815 1.723 0.636 9552 15717 
299.8 0.255 1074 1802 1.760 0.631 9342 15601 
292.2 0.240 1051 — 1.743 — — 9106 — — 
284.4 0.229 1023 1729 1.756 0.615 8863 14970 
276.4 0.216 995 —  —  1.753 — 8614 —  —  
268.2 0.204 965 1634 1.760 0.614 8358 14143 
259.6 0.190 934 —  —  1.759 —  —  8090 — — 
250.8 0.177 902 1527 1.750 0.610 7816 13218 
241.7 0.165 870 — 1.752 — 7532 — 
232.2 0.153 835 1418 1.760 0.612 7236 12273 
222.2 0.140 800 — 1.757 —  —  6928 —  —  
212.0 0.128 763 1281 1.766 0.627 6607 11086 
201.1 0.114 723 — 1.748 — 6267 —  —  
189.6 0.101 682 1148 1.742 0.616 5908 9940 
177.4 0.089 638 — 1.754 5528 
164.2 0.077 591 1006 1.771 0.611 5117 8712 
149.9 0.064 539 905 1.767 0.627 4671 7839 
134.1 0.051 482 841 1.759 0,579 4179 7281 
116.1 0.039 417 728 1.795 0.591 3618 6305 
94.8 0.026 341 — —  1.796 •— •— 2954 
82.1 0.019 295 — —  1.748 —  —  2558 —  —  
Table 9. (continued) 
AP 
Q Pressure 
Discharge, drop, 
cfm in.water 
V(C) V(M) 
Inlet Measured 
velocity velocity 
ft./min. ft./min. 
166. 9 1. 180 
164. 2 1. 148 
157. 2 1. 065 
149. 9 0. 961 
142. 2 0. 865 
134. 1 0. 763 
125. 4 0. 674 
116. 1 0. 578 
106. 0 0. 477 
94. 8 0. 381 
82. 1 0. 297 
67. 0 0. 192 
47. 4 0. 093 
26. 8 0. 035 
26. 0 0. 031 
24. 2 0. 029 
23. 2 0. 027 
21. 2 0. 023 
19. 0 0. 020 
N=2, one-
2405 4069 
2366 3953 
2265 3774 
2160 3597 
2049 3423 
1932 3220 
1807 2016 
1673 2798 
1527 2570 
1366 2303 
1183 1989 
965 1629 
638 — — 
386 M M  
374 — —  
349 
334 
306 — — 
274 — — 
PC(C) PC (M) RN(C) RN(M) 
Pressure Pressure Reynolds Reynolds 
coefficient coefficient number number 
inch slot width 
1.640 0. 
1.648 0. 
1.668 0. 
1.656 0. 
1.656 0. 
1.642 0. 
1.659 0. 
1.660 0. 
1.643 0. 
1.641 0. 
1.705 0. 
1.656 0. 
1.602 
1.886 
1.775 
1.917 
1.942 
1.981 
2.145 
10410 17615 
10241 17112 
9805 16337 
9349 15572 
8869 14819 
8364 13939 
7821 13058 
7241 12112 
6611 11127 
5913 9970 
5121 8608 
4179 7050 
2956 
1671 — —  
1622 — —  
1509 — — 
1447 — —  
1322 — —  
1185 
573 
590 
601 
596 
593 
591 
595 
593 
580 
577 
603 
582 
Table 9. (continued) 
AP V(C) V(M) 
Q Pressure Inlet Measured PC(C) PC(M) RN(C) RN(N) 
Discharge, drop. velocity velocity Pressure Pressure Reynolds Reynolds 
cfm in.water ft./min. ft./min. coefficient coefficient number number 
N=4 , one-fourth inch slot width 
51.5 1.120 2960 3898 1.02 3 0.593 6406 8436 
50.5 1.061 2902 3785 1.012 0.595 6281 8191 
47.4 0.949 2724 3573 1.027 0.598 5895 7732 
44.7 0.860 2569 3407 1.047 0.596 5560 7374 
41.8 0.751 2402 3180 1.046 0.597 5199 6883 
38.7 0.645 2224 2952 1.048 0.595 4813 6389 
35.4 0.533 2034 2684 1.042 0.599 4403 5808 
31.6 0.442 1816 2426 1.077 0.604 3931 5250 
27.4 0.331 1574 2095 1.073 0.606 3408 4534 
24.2 0.282 1390 — —  1.172 — —  3010 — —  
23.2 0.262 1333 — —  1.184 — —  2886 —  —  
22.2 0.243 1276 — —  1.199 — —  2761 — —  
21.2 0.220 1218 — —  1.191 — —  2637 — —  
20.1 0.202 1155 1.217 —  —  2500 — —  
19.0 0.186 1092 — —  1.253 2363 — —  
17.7 0.172 1017 — —  1.336 —  —  2201 — —  
16.4 0.149 942 1.348 — —  2040 — —  
15.0 0.126 862 — —  1.363 — —  1866 — —  
13.4 0.104 770 1.409 — —  1667 — —  
11.6 0.077 667 —  —  1.392 — —  1443 — —  
9.5 0.057 546 — —  1.537 — —  1182 — —  
6.7 0.036 385 —  —  1.952 — — 833 —  —  
4.7 0.017 270 •MM. 1.873 585 
Table 10. Regression analysis of static pressure—discharge data 
N, 
Scale 
factor 
Means of 
experimental 
data 
Standard 
deviation 
Estimated 
BETA values 
Standard 
error 
Computed t 
for each BETA 
(X) (Y) (X) (Y) (1) (2) (1) (2) 
X=log P, in. water 
Y=log Q, cfm 
Analysis of all data 
1 -0.948 2.230 0.235 0.166 2.780 0.503 0.0021 1921.0 349. 0 
2 -0.677 1.835 0.334 0.241 2.189 0.523 0.0068 975.0 220. 0 
4 -0.622 1.337 0.218 0.166 1.698 0.564 0.0066 749.0 200. 0 
X=log P/ in. water 
Y=log Q, cfm 
Initial 10 data values 
1 -0.686 2.432 0.057 0.041 2.779 0.507 0.0018 537.0 68. 0 
2 -0.119 2.126 0.065 0.046 2.185 0.498 0.0009 6385.0 288. 0 
4 -0.198 1.582 0.066 0.048 1.688 0.536 0.0020 1874.0 167. 0 
X=log Reynolds number, RN(C) 
Y=log pressure coefficient, PC(C) 
RN(C) greater than 4000 
1 3.846 0.244 0.012 0.003 0.291 -0.012 0.0025 13.5 —2. 2 
2 3.878 0.219 0.008 0.003 0.268 -0.013 0.0026 11.1 -2. 0 
4 3.737 0.015 0.006 0.002 0.281 -0.071 0.0014 8.0 -7. 6 
Table 10. (continued) 
N, 
Scale 
facto] 
Means of 
experimental 
data 
Standard 
deviation 
Estimated 
BETA values 
Standard 
error 
Computed 
for each BETA 
c (X) (Y) (X) (Y) (1) (2) (1) (2) 
X=log Reynolds number, RN(C) 
Y=log pressure coefficient. PC(C) 
RN(C) less than 4000 
2 3.206 0.276 0.027 0.016 1.219 -0.294 0.0052 23.1 -17.9 
4 3.298 0.124 0.063 0.037 1.196 -0.325 0.0082 38.6 -34.7 
X=log Reynolds number, RN(M) 
Y=log pressure coefficient. PC (M) 
RN(M) greater than 4500 
1 4.038 -0.212 0.138 0.012 -0.433 0.055 0.0050 -5.2 2.7 
2 4.102 -0.229 0.086 0.005 -0.254 0.006 0.0020 -5.1 0.5 
4 3.820 -0.223 0.044 0.002 -0.103 -0.032 0.0030 —10.6 — 12.4 
X=log Reynolds number, RN(M) 
Y=log pressure coefficient. PC (M) 
RN(M) greater than 4500 
1 4.038 -0.228 0.138 0.007 -0.379 0.037 0.0020 -8.5 3.4 
2 4.102 -0.224 0.086 0.002 -0.263 0.010 0.0030 -17.8 2.6 
4 3.820 -0.121 0.044 0.002 -0.221 0.026 0.0020 -14.1 6.4 
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Figure 21. Orifice meter calibration 
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Table 11. Velocity distribution computed data and regression analysis of velocity 
ratios as a function of Reynolds number 
Standard 
X Y Mean deviation Coefficient Computed Computed 
Profile Vertical velocity of Constant of RN, t-value t-value 
distance, distance, ratio velocity term, BETA 2 Stand. for for 
inches inches V(XY)/V(M) ratios BETA 1 (X 10"^) error BETA 1=0 BETA 2=0 
N=l, one inch slot width 
0.00 -0.50 0.802 0.0094 0.809 -0.001 0.0098 52.8 -0.5 
-0.25 0.997 0.0061 1.001 -0.000 0.0064 100.6 -0.5 
0.00 0.795 0.0062 0.802 -0.001 0.0064 80.6 -0.7 
0.25 0.256 0.0487 0.451 -0.016 0.0189 15.4 -6.8 
0.25 -0.50 0.805 0.0442 0.619 0.015 0.0098 40.5 12.5 
-0.25 0.991 0.0080 1.014 -0.002 0.0065 99.5 —2.2 
0.00 0.785 0.0134 0.830 -0.004 0.0091 58.8 -3.3 
0.25 0.364 0.0220 0.445 -0.007 0.0129 22.0 -4.0 
0.5 -0.50 0.745 0.0236 0.650 0.008 0.0087 47.9 7.2 
-0.25 0.976 0.0140 1.022 -0.004 0.0098 66.9 -3.1 
0.00 0.778 0.0240 0.858 -0.006 0.0163 33.8 -3.2 
0.25 0.464 0.0314 0.581 -0.010 0.0173 21.6 -4.4 
1.0 -0.50 0.627 0.0178 0.558 0.006 0.0079 45.4 5.8 
-0.25 0.930 0.0091 0.945 -0.001 0.0089 67.8 -1.2 
0.00 0.810 0.0279 0.915 -0.009 0.0148 39.7 -4.6 
0.25 0.570 0.0261 0.672 -0.009 0.0116 37.2 -5.8 
0.50 0.301 0.0263 0.407 -0.009 0.0103 25.2 -6.7 
Table 11. (continued) 
Standard 
X Y Mean deviation 
Profile Vertical velocity of 
distance, distance, ratio velocity 
inches inches V(XY)/V(M) ratios 
-0.75 0.187 0.0090 
-0.50 0.501 0.0107 
-0.25 0.738 0.0035 
0.00 0.796 0.0124 
0.25 0.689 0.0233 
0.50 0.491 0.0284 
0.75 0.298 0.0269 
-0.75 0.214 0.0125 
-0.50 0.409 0.0279 
-0.25 0.574 0.0204 
0.00 0.686 0.0142 
0.25 0.689 0.0105 
0.50 0.596 0.0142 
0.75 0.462 0.0233 
1.00 0.303 0.0235 
-1.00 0.051 0.0622 
-0.75 0.218 0.0187 
-0.50 0.358 0.0230 
-0.25 0.489 0.0112 
0.00 0.587 0.0110 
0.25 0.648 0.0165 
0.50 0.619 0.0139 
0.75 0.548 0.0225 
1.00 0.415 0.0158 
1.25 0.299 0.0153 
1.50 0.178 0.0099 
Coefficient Computed Computed 
Constant of RN, t-value t-value 
term, BETA 2 Stand. for for 
BETA 1 (X 10-3) error BETA 1=0 BETA 2=0 
0.176 0.008 0.0093 12.2 0.7 
0.463 0.003 0.0065 45.4 3.8 
0.732 0.001 0.0035 134.6 1.1 
0.843 -0.004 0.0067 80.6 -4.5 
0.780 -0.008 0.0101 49.6 -6.0 
0.606 -0.010 0.0104 37.4 -7.3 
0.410 -0.009 0.0066 40.2 -11.3 
0.256 -0.004 0.0082 20.1 -3.4 
0.317 0.008 0.0192 10.6 3.2 
0.502 0.006 0.0127 25.4 3.7 
0.658 0.002 0.0134 31.4 1.4 
0.684 0.000 0.0111 39.5 0.3 
0.648 -0.004 0.0078 53.5 -4.4 
0.557 -0.008 0.0081 44.0 -7.7 
0.393 -0.007 0.0116 21.7 -5.1 
0.188 0.020 0.0301 -4.0 5.2 
0.150 0.006 0.0107 9.0 4.2 
0.276 0.007 0.0137 12.9 3.9 
0.457 0.003 0.0089 32.8 2.4 
0.579 0.001 0.0116 32.1 0.5 
0.703 -0.005 0.0113 40.1 -3.2 
0.649 -0.003 0.0129 32.4 -1.5 
0.621 -0.006 0.0160 24.9 — 3.0 
0.477 -0.005 0.0074 41.5 -5.5 
0.356 -0.005 0.0083 27.4 -4.5 
0.207 -0.002 0.0078 16.9 -2.4 
Table 11. (continued) 
Standard 
X y Mean deviation Coefficient Computed Computed 
Profile Vertical velocity of Constant of RN, t-value t-value 
distance, distance, ratio velocity term, BETA 2 Stand. for for 
inches. inches V(XY)/V(M) ratios BETA 1 (X 10~3) error BETA 1=0 BETA 2=0 
-1.00 0.100 0.0606 -0.138 0.020 0.0266 -3.3 5.9 
-0.75 0.208 0.0295 0.128 0.007 0.0244 3.4 2.2 
-0.50 0.282 0.0244 0.190 0.008 0.0126 9.7 4.8 
-0.25 0.359 0.0270 0.253 0.009 0.0119 13.6 5.9 
0.00 0.449 0.0149 0.420 0.002 0.0142 18.9 1.3 
0.25 0.510 0.0173 0.459 0.004 0.0134 22.0 2.5 
0.50 0.563 0.0125 0.597 -0.003 0.0103 37.1 -2.2 
0.75 0.553 0.0075 0.572 -0.002 0.0065 56.4 -1.9 
1.00 0.512 0.0158 0.532 -0.002 0.0161 21.2 -0.8 
1.25 0.395 0.0123 0.439 -0.004 0.0075 37.4 -3.8 
1.50 0.312 0.0144 0.337 -0.002 0.0141 15.3 -1.2 
-0.75 0.187 0.0198 0.128 0.005 0.0152 5.4 2.5 
-0.50 0.252 0.0091 0.226 0.002 0.0075 19.4 2.2 
-0.25 0.299 0.0140 0.293 0.000 0.0149 12.6 0.3 
0.00 0.449 0.0078 0.471 -0.002 0.0064 47.0 -2.2 
0.25 0.484 0.0103 0.499 -0.001 0.0104 30.9 -1.0 
0.50 0.495 0.0100 0.492 0.000 0.0106 29.7 0.2 
0.75 0.472 0.0086 0.478 -0.000 0.0091 33.8 -0.4 
1.00 0.448 0.0201 0.491 -0.004 0.0187 16.8 -1.5 
1.25 0.394 0.0181 0.436 -0.004 0.0163 17.2 -1.7 
1.50 0.343 0.0210 0.397 -0.004 0.0180 14.1 -2.0 
1.75 0.268 0.0288 0.365 -0.008 0.0193 12.1 -3.3 
2.00 0.176 0.0123 0.186 -0.001 0.0129 9.2 -0.5 
Table 11. (continued) 
X Y Mean 
Profile Vertical velocity 
distance, distance-, ratio 
inches inches V(XY)/V(M) 
0.00 -0.25 0.878 
-0.13 0.999 
0.00 0.851 
0.13 0,343 
0.25 -0.25 0.866 
-0.13 0.978 
0.00 0.797 
0.13 0.438 
0.5 -0.25 0.603 
-0.13 0.715 
0.00 0.826 
0.13 0.686 
0.25 0.282 
1.0 -0.25 0.489 
-0.13 0.713 
0.00 0.802 
0.13 0.688 
0.25 0.480 
Standard 
deviation Coefficient Computed Computed 
of Constant of RN, t-value t-value 
velocity term, BETA 2 Stand. for for 
ratios BETA 1 (X 10"3) error BETA 1=0 BETA 2=0 
2, one-half inch slot width 
0.0107 0.818 0,004 0,0058 60,6 4,5 
0.0053 0.998 0,000 0,0057 75,5 0,1 
0.0096 0.791 0,004 0,0024 139,1 10,8 
0.0094 0.300 0,003 0,0072 17,9 2,6 
0.0243 0.713 0,010 0,0072 42,6 9,2 
0,0051 0,986 -0,001 0,0053 79.1 -0.7 
0.0051 0,824 -0,002 0.0033 106,3 -3.4 
0,0227 0.586 -0,003 0.0024 105,3 -26.9 
0,0136 0.515 0,006 0,0029 75,1 12.9 
0,0136 0.629 0,006 0,0034 78,6 10.9 
0,0058 0.858 -0,002 0,0034 108,6 -4.1 
0,0111 0.740 -0,004 0,0081 39.3 -2.9 
0,0218 0.419 -0,003 0,0069 26,2 -8.6 
0.0119 0.417 0.005 0.0045 39.5 7.0 
0.0101 0.651 0,004 0,0036 77.7 7.5 
0.0017 0.805 -0,000 0,0018 196.0 -0.5 
0.0080 0,736 -0,003 0,0032 98,4 -6,6 
0.0080 0,526 -0,003 0,0041 54,6 — 4,8 
Table 11. (continued) 
Standard 
X Y Mean deviation 
Profile Vertical velocity of 
distance, distance, ratio velocity 
inches inches V(XY)/V(M) ratios 
-0.50 0.106 0.0037 
-0.25 0.378 0.0123 
0.00 0.598 0.0076 
0.25 0.611 0.0064 
0.50 0.387 0.0085 
0.75 0.136 0.0095 
-0.50 0.159 0.0085 
-0.25 0.317 0.0164 
0.00 0.467 0.0086 
0.25 0.546 0.0029 
0.50 0.486 0.0096 
0.75 0.334 0.0073 
1.00 0.172 0.0125 
-0.50 0.173 0.0066 
-0.25 0.281 0.0136 
0.00 0.393 0.0114 
0.25 0.474 0.0071 
0.50 0.483 0.0041 
0.75 0.415 0.0126 
1.00 0.288 0.0121 
1.25 0.180 0.0076 
Coefficient Computed Computed 
Constant of RN, t-value t-value 
term, BETA 2 Stand. for for 
BETA 1 (X 10-3) error BETA 1=0 BETA 2=0 
0.101 0.000 0.0039 11.1 0.5 
0.304 0.005 0.0046 28.2 7.0 
0.573 0.002 0.0070 35.0 1.6 
0.640 -0.002 0.0048 56.9 -2.7 
0.430 -0.003 0.0056 32.6 -3.3 
0.195 -0.004 0.0034 24.2 -7.6 
0.109 0.003 0.0035 13.3 6.3 
0.241 0.005 0.0124 8.3 2.7 
0.421 0.003 0.0051 35.0 3.9 
0.543 0.000 0.0030 76.4 0.5 
0.546 -0.004 0.0029 81.8 -9.1 
0.364 -0.002 0,0061 25.5 -2.1 
0.243 -0.005 0.0066 15.9 -4.7 
0.151 0.002 0.0060 10.7 1.6 
0.198 0.006 0.0051 16.5 7.0 
0.346 0.003 0.0096 15.5 2.1 
0.462 0.001 0.0074 26.9 0.7 
0.501 -0.001 0.0033 65.4 -2.3 
0.492 -0.005 0.0043 48.6 -7.8 
0.346 -0.004 0.0087 17.1 -2.9 
0.225 -0.003 0.0034 28.0 -5.7 
Table 11. (continued) 
Standard 
X Y Mean deviation 
Profile Vertical velocity of 
distance, distance, ratio velocity 
inches inches V{XY)/V(M) ratios 
-0.25 0.242 0.0105 
0.00 0.314 0.0076 
0.25 0.371 0.0059 
0.50 0.412 0.0042 
0.75 0.416 0.0053 
1.00 0.383 0.0085 
1.25 0.323 0.0068 
1.50 0.239 0.0094 
1.75 0.169 0.0155 
2.00 0.086 0.0078 
-0.25 0.208 0.0124 
0.00 0.263 0.0092 
0.25 0.306 0.0068 
0.50 0.351 0.0039 
0.75 0.374 0.0052 
1.00 0.375 0.0044 
1.25 0.350 0.0077 
1.50 0.305 0.0072 
1.75 0.261 0.0173 
2.00 0.204 0.0143 
2.25 0,145 0.0086 
2.50 0.095 0.0053 
Coefficient Computed Computed 
Constant of RN, t-value t-value 
term, BETA 2 Stand, for for 
BETA 1 (X 10-3) error BETA 1=0 BETA 2=0 
0.182 0.004 0.0054 14.3 4.8 
0.286 0.002 0.0066 18.6 1.9 
0.344 0.002 0.0044 33.2 2.7 
0.414 -0.000 0.0044 39.9 -0.2 
0.419 -0.000 0.0057 31.7 -0.2 
0.422 -0.003 0.0065 27.6 -2.6 
0.366 -0.003 0.0014 114.3 -13.8 
0.294 -0.004 0.0046 27.4 -5.2 
0.262 —0 ..006 0.0064 17.5 -6.3 
0.100 -0.001 0.0080 5.3 -0.8 
0.133 0.005 0.0051 11.2 6.4 
0.224 0.003 0.0074 12.9 2.3 
0.293 0.001 0.0070 18.0 0.8 
0.330 0.001 0.0024 59.6 3.8 
0.393 -0.001 0.0046 36.9 -1.8 
0.388 -0.001 0.0042 40.0 -1.4 
0.396 —0.003 0.0035 48.9 -5.7 
0.332 -0.002 0.0063 22.5 -1.9 
0.368 -0.007 0.0059 26.6 -7.8 
0.291 -0.006 0.0059 21.2 -6.4 
0.168 -0.002 0.0085 8.5 -1.2 
0.082 0.001 0.0053 6.7 1.1 
Table 11. (continued) 
Standard 
X Y Mean deviation Coefficient Computed Computed 
Profile Vertical velocity of Constant of RN, t-value t-value 
distance, distance, ratio velocity term, BETA 2 Stand. for for 
inches inches V(XY)/V(M) ratios BETA 1 (X 10"^) error BETA 1=0 BETA 2=0 
0.00 0.202 0.0084 0.155 0.003 0.0046 14.5 4.5 
0.25 0.227 0.0095 0.185 0.003 0.0075 10.6 2.4 
0.50 0.260 0.0106 0.210 0.003 0.0079 11.4 2.7 
0.75 0.286 0.0131 0.207 0.005 0.0055 16.2 6.2 
1.00 0.307 0.0069 0.267 0.003 0.0036 31.9 4.8 
1.25 0.320 0.0054 0.316 0.000 0.0057 23.8 0.3 
1.50 0.318 0.0035 0.320 -0.000 0.0038 36.3 -0.3 
1.75 0.311 0.0047 0.323 -0.001 0.0047 29.7 -1.1 
2.00 0.293 0.0083 0.327 -0.002 0.0070 20.0 -2.1 
2.25 0.274 0.0106 0.333 -0.004 0.0058 24.6 -4.5 
2.50 0.243 0.0099 0.289 -0.003 0.0074 16.7 -2.7 
2.75 0.210 0.0051 0.236 -0.002 0.0035 29.0 -3.2 
N=4, one-fourth inch slot width 
0.00 0.00 1.001 0.0074 1.029 -0.004 0.0050 117.3 -3.3 
0.25 0.00 0.960 0.0131 1.017 -0.008 0.0060 96.5 -5.6 
0.50 0.00 0.899 0.0066 0.886 0.002 0.0065 78.2 1.2 
0.25 0.265 0.0231 0.376 -0.016 0.0044 48.7 -14.6 
1.0 -0.25 0.127 0.0189 0.038 0.013 0.0051 4.2 10.1 
0.00 0.679 0.0117 0.624 0.008 0.0037 97.3 8.7 
0.25 0.522 0.0274 0.655 -0.020 0.0031 119.4 -24.7 
Table 11. (continued) 
Standard 
X Y Mean deviation 
Profile Vertical velocity of 
distance, distance, ratio velocity 
inches inches V(XY)/V(M) ratios 
-0.25 0.172 0.0162 
0.00 0.434 0.0160 
0.25 0.580 0.0073 
0.50 0.376 0.0222 
0.75 0.104 0.0126 
-0.25 0.166 0.0114 
0.00 0.327 0.0103 
0.25 0.467 0.0073 
0.50 0.469 0.0122 
0.75 0.326 0.0223 
1.00 0.154 _ 0.0194 
-0.50 0.030 0.0299 
-0.25 0.152 0.0170 
0.00 0.269 0.0165 
0.25 0.385 0.0117 
0.50 0.444 0.0056 
0.75 0.395 0.0154 
1.00 0.284 0.0189 
1.25 0.168 0.0179 
1.50 0.058 0.0086 
Coefficient Computed Computed 
Constant of RN, t-value t-value 
term, BETA 2 Stand. for for 
BETA 1 (X 10"3) error BETA 1=0 BETA 2=0 
0.095 0.011 0.0045 12.1 9.9 
0.358 0.011 0.0040 51.6 11.1 
0.613 -0.005 0.0030 118.2 -6.5 
0.483 -0.016 0.0036 77.5 -17.5 
0.156 -0.008 0.0070 12.6 -4.3 
0.119 0.007 0.0064 10.5 4.3 
0.292 0.007 0.0045 35.6 5.9 
0.438 0.004 0.0048 52.5 3.4 
0.524 -0.008 0.0047 63.1 -6.8 
0.433 -0.016 0.0042 58.7 -14.8 
0.241 -0.013 0.0081 16.8 -6.2 
-0.104 0.020 0.0122 -4.9 6.4 
0.073 0.012 0.0058 7.2 7.9 
0.192 0.011 0.0052 21.0 8.5 
0.334 0.008 0.0056 34.0 5.3 
0.468 -0.004 0.0028 93.5 -4.9 
0.467 -0.011 0.0048 55.8 -8.7 
0.375 -0.013 0.0023 93.6 -23.3 
0.249 -0.012 0.0069 20.6 -6.9 
0.091 -0.005 0.0058 8.9 -3.3 
Table 11. (continued) 
Standard 
X Y Mean deviation 
Profile Vertical velocity of 
distance, distance, ratio velocity 
inches inches V(XY)/V(M) ratios 
-0.50 0.074 0.0074 
-0.25 0.137 C 0127 
0.00 0.209 0.0106 
0.25 0.286 0.0058 
0.50 0.339 0.0084 
0.75 0.369 0.0042 
1.00 0.357 0.0115 
1.25 0.308 0.0180 
1.50 0.238 0.0183 
1.75 0.172 0.0206 
2.00 0.106 0.0179 
-0.50 0.082 0.0049 
-0.25 0.115 0.0100 
0.00 0.166 0.0122 
0.25 0,212 0.0127 
0.50 0.260 0.0067 
0.75 0.297 0.0052 
1.00 0.324 0.0041 
1.25 0.325 0.0071 
1.50 0.302 0.0101 
1.75 0.271 0.0154 
2.00 0,228 0.0182 
Coefficient Computed Computed 
Constant of RN, t-value t-value 
term, BETA 2 Stand. for for 
BETA 1 (X 10-3) error BETA 1=0 BETA 2=0 
0.059 0.002 0.0072 4.7 1.2 
0.082 0.010 0.0064 7.3 4.9 
0.164 0.007 0.0055 16.9 4.7 
0.273 0.002 0.0054 28.6 1.4 
0.310 0.004 0.0065 27.2 2.5 
0.379 -0.001 0.0039 55.3 -1.5 
0.410 -0.006 0.0037 63.3 -8.4 
0.393 -0.013 0.0048 46.4 -10.2 
0.322 -0.012 0.0064 28.7 -7.7 
0.268 -0.014 0.0068 22.6 -8.2 
0.184 -0.012 0.0085 12.4 -5.4 
0.071 0.002 0.0046 8.7 1.4 
0.071 0.007 0.0043 9.3 5.9 
0.108 0.009 0.0028 22.1 12.1 
0.160 0.008 0.0075 12.1 4.0 
0.234 0.004 0.0044 30.6 3.4 
0.282 0.002 0.0044 36.4 2.0 
0.327 -0.000 0.0043 42.9 -0.3 
0.355 -0.004 0.0040 50.9 -4.4 
0.348 -0.007 0.0040 49.8 -6.7 
0.343 -0.011 0.0045 43.1 -9.2 
0.314 -0.014 0.0051 34.8 -9.7 
Table 11. (continued) 
Standard 
X Y Mean deviation Coefficient Computed Computed 
Profile Vertical velocity of Constant of RN, t-value t-value 
distance, distance, ratio velocity term, BETA 2 Stand, for for 
inches inches V(XY)/V(M) ratios BETA 1 (X 10-3) error BETA 1=0 BETA 2=0 
0.00 0.121 0.0099 0.076 0.007 0.0037 11.8 7.2 
0.25 0.149 0.0113 0.103 0.007 0.0066 8.9 4.1 
0.50, 0.182 0.0100 0.145 0.005 0.0068 12.0 3.2 
0.75 0.211 0.0064 0.186 0.004 0.0041 25.6 3.5 
1.00 0.231 0.0084 0.204 0.004 0.0068 17.1 2.3 
1.25 0.249 0.0067 0.230 0.003 0.0058 22.6 2.0 
1.50 0.268 0.0044 0.262 0.001 0.0045 33.0 0.7 
1.75 0.275 0.0051 0.285 -0.001 0.0050 32.2 -1.1 
2.00 0.275 0.0094 0.312 -0.005 0.0060 29.7 —3.6 
2.25 0.265 0.0122 0.315 -0.007 0.0069 26.0 -4.2 
2.50 0.248 0.0134 0.306 -0.009 0.0064 27.3 -5.3 
2.75 0.225 0.0152 0.296 -0.011 0.0048 35.3 -8.6 
222 
Table 12. Velocity ratio distribution parameters computed 
from mean data values 
X Computed 
Profile maximum Chi 
distance, Standard Distribution velocity square 
inches deviation mean ratio value 
N=l, one inch slot width 
0.00 0.236 -0.206 1.206 0.17 
0.25 0.247 -0.190 1.189 0.22 
0.50 0.254 -0.169 1.162 0.25 
1.0 0.307 -0.078 1.051 0.24 
2.0 0.406 0.018 0.910 0.14 
3.0 0.483 0.156 0.811 0.20 
4.0 0.606 0.323 0.726 0.14 
6.0 0.661 0.426 0.640 0.28 
8.0 0.736 0.623 0.578 0.25 
12.0 0.821 1.446 0.532 0.70 
18.0 0.818 1.501 0.375 0.51 
N=2, one -half inch slot width 
0.00 0.123 -0.098 1.248 0.20 
0.25 0.128 -0.092 1.204 0.30 
0.50 0.155 -0.027 1.000 0.20 
1.0 0.161 —0.002 0.981 0.25 
2.0 0.316 0.136 0.700 0.05 
3.0 0.406 0.259 0.610 0.10 
4.0 0.481 0.382 0.557 0.10 
6.0 0.604 0.732 0.488 0.20 
8.0 0.737 0.982 0.438 0.20 
12.0 0.805 1.389 0.403 0.40 
18.0 0.830 1.893 0.354 0.50 
24.0 0.846 2.632 0.327 0.60 
N=4, one-fourth inch slot width 
0.5 0.105 0.057 1.108 0.05 
1.0 0.158 0.074 0.838 0.05 
2.0 0.266 0.221 0.624 0.05 
3.0 0.348 0.371 0.547 0.10 
4.0 0.456 0.523. 0.478 0.05 
6.0 0.630 0.793- 0.411 0.10 
8.0 0.682 0.949 0.377 0.20 
12.0 0.797 1.518 0.338 0.40 
18.0 0.837 2.642 0.305 0.50 
